CERN-TH/96-245 
EFI-96-34 
hep-ph/9610222 



Top Quark Mass Q 



Jonathan L. Rosneif] 

CERN, 1211-CH Geneva 23, Switzerland 

Enrico Fermi Institute and Department of Physics 
University of Chicago, Chicago, IL 60637 USA f\ 



Abstract 

The influence of the top quark mass on mixing processes and precise elec- 
troweak measurements is described. Experimental observation of the top quark 
in proton-antiproton collisions is discussed, and some brief remarks are made 
about electron-positron production. Some speculations are noted about the pos- 
sible significance of the large top quark mass. 



CERN-TH/96-245 
September 1996 

1 Three lectures given at Cargese Summer Institute on Particle Physics, Masses of Fundamental 
Particles, August, 1996. Proceeding to be published by Plenum. 
2 rosner@uchepa. uchicago.edu 
3 Permanent address. 



TOP QUARK MASS 



Jonathan L. Rosner 

Enrico Fermi Institute and Department of Physics 
University of Chicago 

5640 South Ellis Avenue, Chicago, IL 60637 

1. INTRODUCTION 

In the present article, based on a series of three lectures, we describe ways in 
which the large top quark mass influences a number of processes, and some ideas about 
how it might arise. After a brief introduction to the pattern of masses and couplings 
of quarks and leptons and an overview of the top quark's properties, we discuss in 
Section 2 the role of the top quark in mixing processes, such as particle-antiparticle 
mixing in the neutral kaon and B meson systems, and in other flavor-changing charge- 
preserving processes. Section 3 is devoted to precision electroweak experiments and the 
impact upon their interpretation of the precise measurements of the top quark's mass 
which have recently been achieved at Fermilab (Section 4). Some brief remarks about 
top quark production in electron-positron collisions occupy Section 5, while Section 
6 contains various speculations about the source of the top quark's mass. (See also 
Graham Ross' lectures at this Institute I].) Section 7 concludes. 

A. Quark and lepton mass and coupling patterns 

The top quark is the heaviest known elementary particle, nearly 200 times as 
heavy as a proton. Its mass is compared with that of the other known quarks and 
leptons in Figure 1. Also shown are the patterns of couplings in charge-changing weak 
transitions. The main coupling of the top (t) appears to be to the bottom (b) quark || , 
while charm (c) couples mainly to strange (s) and up to down. Each charged lepton, 
in turn, appears to couple to its own neutrino. However, the pattern for quarks known 
at present is much richer, including weaker couplings of t to s and d, of c to b and d, 
and of u to b and s. This pattern is encoded in a unitary 3x3 matrix V known as the 
Cabibbo-Kobayashi-Maskawa [^, |J matrix. 

In these lectures we shall explore a number of aspects of the pattern of masses and 
couplings in Figure 1 and Table 1 || . The large mass of the top quark and its pattern 
of couplings to the b, s, and d quarks lead to a number of consequences for processes 
in which the top quark participates as a virtual particle. Not the least of these is the 
ability of loop diagrams involving the top quark to generate the observed CP violation 
in the neutral kaon system 0. At the same time, the fact that the top quark is about 
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Figure 1: Patterns of charge-changing weak transitions among quarks and leptons. 
Direct evidence for v T does not yet exist. The strongest inter-quark transitions corre- 
spond to the solid lines, with dashed, dot-dashed, and dotted lines corresponding to 
successively weaker transitions. 

twice as heavy as the gauge bosons W and Z of the electroweak interactions offers 
a hint that it may play a crucial role in the understanding of all the quark and lepton 
masses. 

A note of caution: if its mass is viewed on a logarithmic scale, as in Figure 1, the 
top quark is not all that exceptional. Although it is more than 100 times as heavy as 
the next lightest quark of charge 2/3, the charmed quark, we have not yet explored 
similar logarithmic mass intervals above the bottom quark or r lepton. But the Z 
decays to just three pairs of light neutrinos J7|. so the pattern of any fermions heavier 
than those in Figure 1 must at least change to a significant extent. 



Table 1: Relative strengths of charge- changing weak transitions. 



Relative 
amplitude 


Transition 


Source of information 
(example) 


~ 1 


u <-> d 


Nuclear /3-decay 


~ 1 


c <-> s 


Charmed particle decays 


~ 0.22 


u <-> s 


Strange particle decays 


~ 0.22 


c <-> d 


Neutrino prod, of charm 


~ 0.04 


c <-> b 


b decays 


~ 0.003 


u <-» b 


Charmless b decays 


~ 1 


t <-> b 


Dominance of t — > Wb 


~ 0.04 


t <-> s 


Only indirect evidence 


~ 0.01 


t «-> d 


Only indirect evidence 
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B. Quark and lepton families 



The case for a quark-lepton analogy is suggested by the doublets 



: leptons ; 




quarks 



(1) 



In both cases the states in the upper and lower rows are connected by emission or 
absorption of a W boson. This pattern was extended to the second family by several 
authors ||, who inferred the existence of a fourth quark (charm) coupling mainly to 
the strange quark from the existence of the \l — v „ doublet: 



: leptons 



: quarks 



(2) 



The suppression of processes involving weak decays of strange particles as com- 
pared with strangeness-preserving weak decays could be made compatible with the 
universal strength of the weak interactions if the u quark coupled to an appropriately 
normalized linear combination of d and s: 



u 



d cos 6 C + s sin 9 C 



(3) 



This universality property was proposed by Gell-Mann and Levy || and used by 
Cabibbo g (hence the subscript on the angle) to relate successfully a number of 
beta-decay processes of non-strange and strange particles. The strength of the charge- 
changing weak current could be normalized by considering it and its hermitian adjoint 
to be members of an SU(2) triplet. The neutral member of this triplet contained 
strangeness-changing terms and thus had to be interpreted as unphysical, since no 
strangeness-changing neutral-current processes had been seen. However, if one then 
considered the charmed quark to couple to the orthogonal combination, 



—d sin 8 C + s cos 6 C 



(4) 



the corresponding neutral current would couple to the combination uu + cc — dd — ss, 
and would preserve flavor || [l(J. This property was preserved in higher orders of 



perturbation theory, and neutral strangeness-changing processes were induced only to 
the extent that the charm and u quark masses differed from one another [10] . 

A further motivation for the quark-lepton analogy was noted by Bouchiat, Iliopou- 
los, and Meyer [11] in 1972. In a gauge theory of the electroweak interactions, triangle 
anomalies associated with graphs of the type shown in Figure 2 have to be avoided. 
This cancellation requires the fermions / in the theory to contribute a total of zero to 
the sum over / of Q 2 fl{ L - Such a cancellation can be achieved by requiring quarks and 
leptons to occur in complete families of the type mentioned above, so that the terms 



Leptons: (0) 2 (-)+(- I ; 



Quarks : 3 



i)' 



1 
2 



(5) 



(6) 



sum to zero for each family. 

Some history of how the quark and lepton families were pieced together may be 
of interest [T2\. In the family ([I]), the first particle to be discovered was the electron, 
whose unique properties were clinched by J. J. Thomson's measurement of its enormous 



Figure 2: Example of triangle diagram for which leading behavior must cancel in a 
renormalizable electroweak theory. 



charge-to-mass ratio (nearly 2000 times that of the proton) in 1897. The corresponding 



neutrino was proposed by W. Pauli |L3| in 1931. As for the u and d quark, the need for 
two constituents of hadrons differing in charge by a unit but with very similar behaviour 
under the strong interactions dates back to the recognition of isotopic spin as a good 



symmetry [14], in the 1930's. 



Evidence for the second family (0) began with the discovery in 1937 by S. Ned- 



dermeyer and C. Anderson of the muon in cosmic radiation |fL5] . The corresponding 
neutrino was proved distinct from the electron neutrino v e in 1962 by a group led by 
L. Lederman, M. Schwartz, and J. Steinberger ||16| . Meanwhile, evidence for particles 
containing one or more strange (s) quarks, initially seen in cosmic radiation and later 
produced at accelerators, began accumulating over the period 1946-53. The charmed 
(c) quark was discovered initially in the form of a cc bound state, the J [0 or V* [Hi 
(the dual name J/ip has survived). Particles containing a single charmed quark ("bare 
charm") were identified a bit later ||19|| . 

At the same time evidence for the charmed quark was accumulating in electron- 
positron annihilations, the first member of a third family: 

^ ^ : leptons ; ^ ^ J : quarks . (7) 

was making its appearance. This was the r lepton, identified by M. Perl and collab- 
orators p0[ . If this were to be a lepton like the e and fi, having its own neutrino, 



the anomaly-cancellation mechanism mentioned earlier (JTTJ then required there to be 



a third pair of quarks: the "top" and "bottom" [21], our present names for the quarks 
proposed by Kobayashi and Maskawa M as candidates for explaining CP violation. 

The bottom quark made its appearance in the form of bb bound states discovered at 
Fermilab in 1977 by a group led by L. Lederman |22| and in "bare bottom" (otherwise 
known as "beauty") mesons containing single b quarks seen at the Cornell Electron 



Storage Ring (CESR) somewhat later p3| . Eagerly awaited, the top quark finally made 



its appearance 17 years after the bottom, in proton- antiproton collisions at Fermilab 



at a center-of-mass energy of 1.8 TeV [24 



Even up to the present day, in the absence of direct evidence for the u T , we have 
never had a complete set of quark and lepton families without hints of the next family. 
By the time the v T is discovered, perhaps at a forthcoming experiment at Fermilab [ 25| , 
who knows what other particles may appear? 

C. Top quark properties 

The most recent measurements of the top quark mass, reported at the 1996 Warsaw 
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Conference, are 



m t = 176.8±4.4±4.8 GeV/c 2 (CDF) ; 169±8±8 GeV/c 2 (DO) ; 175±6 GeV/c 2 (avg.) . 

(8) 

The top is expected to decay essentially 100%(~ \V t b\ 2 ) to W + b, with branching ratios 
of only about | | 2 ~ 1.5 x 10~ 3 to W + s and \V td \ 2 ~ 10~ 4 to W + d. We shall see in 
Sec. 4 that recent data support this expectation. 
The predicted rate for the decay t —>■ W + b is 

T ( t ^ W + b) = J^\ Vtb f m ^ KKQCD ; (9 ) 

57TV Z 

where, in the limit in which the b quark mass can be neglected, 

$ K = ( 1 _Mw) 2 (i + 2^f| = 0.885 (10) 



and -Kqcd is a QCD correction factor which is about 0.917 |57 |. For m t = 175 GeV, 
one thus predicts T = (1.76 GeV) (0.885) (0.917) ~ 1.43 GeV, so that the top quark 
decays before it can form hadrons. Thus, sad to say, we will not be able to study the 
properties of ti or tq states (where q stands for one of the lighter quarks). Nonetheless, 
some crude information about the ti interaction can be recovered, as we shall mention 
in Sec. 5. 

The spin of the top quark is expected to be 1/2, just like that of the other quarks. 
Direct evidence for this is lacking, but if we are prepared to admit that J it) = Jib), we 
can use all of the bottom quark's rich spectroscopy to conclude that J{b) = 1/2 and 
hence J(t) = 1/2. The spectra of cc, bb, charm - light quark and bottom - light quark 
bound states are shown in Figs. 3, 4, 5, and 6 respectively. We shall use some of the 
terminology in these figures in what follows, so they are worth getting acquainted with. 

The charmonium (cc) spectrum in Fig. 3 bears strong evidence that the spin of 
the charmed quark is 1/2, as one might have expected from its partnership with the 
strange quark. (Spins of strange particles have been directly measured for a number 
of years and support the notion that J(s) = 1/2.) The S-wave (L = 0) levels have 
total angular momentum J, parity P, and charge- conjugation eigenvalue C equal to 
J PC = + ~ and 1 as one would expect for 1 S and 3 Si states, respectively, of a quark 
and antiquark. The P-wave (L = 1) levels have J PC = l + ~ for the l P\, ++ for the 
3 Pq, 1 ++ for the 3 Pi, and 2 ++ for the 3 P2- The J PC = 1 levels are identified as such 
by their copious production through single virtual photons in e + e~ annihilations. The 
h level 1] C is produced via single-photon emission from the J/ip (so its C is positive) 
and has been directly measured to have J p compatible with 0~ . Numerous studies 
have been made of the electromagnetic (electric dipole) transitions between the S-wave 
and P-wave levels [^] and they, too, support the assignments shown. 

The bb (upsilon) levels shown in Fig. 4 have a very similar structure, aside from an 
overall shift. The similarity of the cc and bb spectra is in fact an accident of the fact that 
for the interquark distances in question (roughly 0.2 to 1 fm), the interquark potential 
interpolates between short-distance Coulomb-like and long-distance linear behavior in a 
manner roughly compatible with V ~ log r J3U] or with an effective power near zero |TI 



The copious production of 1 candidiates in e + e~ annihilations and the pattern of 
electric dipole transitions between S- and P-wave levels again supports the assignments 
shown. 

States consisting of a single charmed quark and light (u, d, or s) quarks or anti- 
quarks, shown in Fig. 5, again support J(c) = 1/2. The lightest mesons have J p = 0~ 
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Figure 3: Charmonium (cc) spectrum. Observed and predicted levels are denoted by 
solid and dashed horizontal lines, respectively. Arrows denote electromagnetic transi- 
tions (labeled by 7) and hadronic transitions (labeled by emitted hadrons). 
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Figure 4: Spectrum of 66 states. Observed and predicted levels are denoted by solid 
and dashed horizontal lines, respectively. In addition to the transitions labeled by 
arrows, numerous electric dipole transitions and decays of states below BB threshold 
to hadrons containing light quarks have been seen. 
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Figure 5: Spectrum of lowest-lying states containing one charmed and one light quark. 
Observed and predicted levels are denoted by solid and broken horizontal lines, respec- 
tively. 
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Figure 6: Spectrum of lowest-lying states containing one bottom and one light quark. 
Observed and predicted levels are denoted by solid and broken horizontal lines, respec- 
tively. 
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[ 1 Sq) and 1 ( 3 Si)- Two charmed baryons discovered fairly recently, both strange [[32 



and nonstrange |3^| , are candidates for J = 3/2. One expects such states as bound 
states of three spin-1/2 quarks. 

Finally, the pattern of states containing a single b quark (Fig. 6) is very similar 
to that for singly- charmed states, though not as well fleshed-out. In many cases the 
splittings between states containing a single b quark is less than that between the 
corresponding charmed states by roughly a factor of m c /ni(, ~ 1/3 as a result of the 
smaller chromomagnetic moment of the b quark. (This feature has also been noted by 
Neubert at this Institute f34|.) 



The top quark's mass, just like every other mass in the standard electroweak 
theory, arises as a result of Yukawa interactions of one or more Higgs bosons with the 
fermions. For the t and b quarks, the relevant part of the Lagrangian can be written as 

4i ggs = -9Y[QL<f>ib R + H.c] - &[Q L <ht R + H.c] (11) 

where 

Ql=[ 1 ) > & = i Ho 1 , 02 = ( 5 ) (12) 




if there are two Higgs doublets, or <p2 = 2O"20i if there is only one. If the neutral 
member pf each Higgs doublet acquires a vacuum expectation value (0°) = Ui/v2, 
then nib = 9y v i/^j m t = 9y v 2/V%- Here 

2-1/4^-1/2 =v 2 + v 2 = (24 g GeV) 2 ^ (13) 

while the right-hand side is replaced by v\ = v 2 if 02 — i>v%<\>\- 

Suppose there were just one Higgs doublet, with v ~ 246 GeV. Then 

, 246 GeV 174 GeV 
^ = ^T = 175±6Gev " 1! (M) 

The significance of this relation may be accidental, however. Quark masses "run" as 
a result of their interactions with gauge fields (particularly with gluons), and so their 
values depend on the scale at which the mass is probed. As one example, the top quark's 
"pole" mass (what one would measure in a physical process of top quark production) 
and the value rh t (/j,) in the modified- minimal-subtraction scheme at a mass scale /i are 
related by 

^ = 1 + + . (15) 

m t {jj,) 3 7r 

For example, with a pole mass of 175 GeV, and fi = My/ (which will frequently be 
appropriate for the loop calculations we shall perform), so that a s (Mw) — 0.12, one 
has m^ ole / fht(My/) — 1.05. Taking into account higher-order effects as well, we shall 
take rht(Myy) = 165 ± 6 GeV/c 2 [[JIJ in a number of subsequent calculations. 

2. THE TOP QUARK IN MIXING PROCESSES 

A. Cabibbo-Kobayashi-Maskawa matrix parameters 

The electroweak Lagrangian, before electroweak symmetry breaking, may be writ- 
ten in flavor-diagonal form as 

Cint = -^W 7 Ll fl W^D' L + K.c.} , (16) 



8 



Table 2: Parameters of KM matrices for n doublets of quarks. 





ra= 2 3 4 


Number of parameters 
Number of angles 
Number of phases 


(n-1) 2 1 4 9 
n(n-l)/2 1 3 6 
(n-l)(n-2)/2 1 3 



where [/' = («', c', t') and D' = (d', s', b') are column vectors decribing weak eigenstates. 
Here g is the weak SU(2) L coupling constant, and ip L = (1 — 75)^/2 is the left-handed 
projection of the fermion field ip = U or D. 

Quark mixings arise because mass terms in the Lagrangian are permitted to con- 
nect weak eigenstates with one another. Thus, the matrices M.jj, d m 

C m = -WrMuU'l + n R M D D' L + H.c] (17) 

may contain off-diagonal terms. One may diagonalize these matrices by separate uni- 
tary transformations on left-handed and right-handed quark fields: 

R+M Q L Q = L+M+R Q = A Q . (18) 

where 

Q' L = L Q Q L ; Q' R = RqQr (Q = U,D) . (19) 

Using the relation between weak eigenstates and mass eigenstates: U'l = LjjUl, D' l = 
LdDl, we find 

C int = --^=p L YW^VD L + R.c] , (20) 

where U = (u, c, t) and D = (d, s, b) are the mass eigenstates, and V = L\jL D . The ma- 
trix V is just the Cabibbo-Kobayashi-Maskawa matrix. By construction, it is unitary: 
V'V = VV^ = 1. It carries no information about Rjj or R^,. More information would 
be forthcoming from interactions sensitive to right-handed quarks or from a genuine 
theory of quark masses. Because of the unitarity of the matrix, the neutral currents to 
which the Z° couples are flavor- diagonal: Q'YQ' = QTQ, where T is any combination 
of 7^ and 7^75. 

For n w-type quarks and n <i-type quarks, V is n x n and unitary. An arbitrary 
n x n matrix has 2n 2 real parameters, but unitarity (V^V = 1) provides n 2 constraints, 
so only n 2 real parameters remain. We may remove 2n — 1 of these by appropriate 
redefinitions of relative quark phases. The number of remaining parameters is then 
n 2 — (2n — 1) = (n — l) 2 . Of these, n(n — l)/2 (the number of independent rotations 
in n dimensions) correspond to angles, while the rest, (n — l)(n — 2)/2, correspond to 
phases. We summarize these results in Table 2. 

For n = 2, we have one angle and no phases. The matrix V then can always be 
chosen as orthogonal 0, HJ. For n = 3, we have three angles and one phase, which 



in general cannot be eliminated by arbitrary choices of phases in the quark fields. It 
was this phase that motivated Kobayashi and Maskawa to introduce a third quark 
doublet. It provides a potential source of CP violation, serving as the leading contender 
for the observed CP- violating effects in the kaon system and suggesting substantial CP 
asymmetries in the decays of mesons containing b quarks. 



Q 



The CKM matrix V is then, explicitly, 



V 





Vus 


v ub 


v cd 


v cs 


v cb 


Vtd 


V ts 





(21) 



We now parametrize its elements. 

It is convenient to choose quark phases [37| so that the n diagonal elements and 
the n — 1 elements just above the diagonal are real and positive. The parametrization 
we shall employ is one suggested by Wolfenstein 



The diagonal elements of V are nearly 1, while the dominant off-diagonal elements 
are V us ~ —Vcd = \ — 0.22. Thus to order A 2 , the upper 2x2 submatrix of V is already 
known from the four-quark pattern. One may identify A = sin# c , where 8 C is the Gell- 
Mann - Levy - Cabibbo angle mentioned earlier. It is the single parameter needed 
to describe the mixing in the four-quark (n = 2) system. More precisely, analyses of 
strange particle decays |39j have yielded sin^c = 0.2205 ± 0.0018. 



The matrix element \V u d\ may be obtained by comparing the strengths of certain 
beta-decay transitions involving vector transitions with that of muon decay. One can 
also measure the neutron decay rate (which involves both vector and axial vector transi- 
tions), and extract the vector coupling strength by finding gA from decay asymmetries. 
This vector coupling strength may be compared with that obtained in muon decay to 
learn | | 2 . Finally, one can study the decay 7r + — > 7r°e + z/ e . Overall, one finds || 
\V ud \ ~ 0.975 ± 0.001, so that \V ud \ 2 + \V US \ 2 = 0.999 ± 0.002. One cannot deduce the 
need for the additional contribution of \V ub \ 2 in the relation \V ud \ 2 + \ V US \ 2 + \V ub \ 2 = 1 
required by the unitarity of the CKM matrix. Measurements of \V cd \ and \V CS \ (see 
Ref. H) are also consistent with the predictions of unitarity, but with larger errors. 

The long b quark lifetime (about 1.5 to 1.6 ps ^(|) and the predominance of 
charmed quarks among b decay products implies that V cb — 0.04, allowing one to express 
it as AX 2 , where A = 0(1). A recent compilation of results [ 56] , |4"T| on semileptonic 
b -»• c decays yields V cb = AX 2 = 0.0393 ± 0.0028, or A = 0.808 ± 0.058. [M. Neubert 
quotes V cb = 0.0388 ± 0.0020 cxp ± 0.0012 th .] Unitarity then requires V ts ~ -AX 2 



as 



long as V td and V ub are small enough (which they are). 

The magnitude of the element V ub is learned by comparing charmless b decays to 
those with charm. One thus finds that \V ub \ appears to be of order AX 3 . Here one must 
allow for a phase, so one must introduce two new parameters p and r\: V ub = AX 3 (p—irj). 
The measured ratio \V ub /V cb \ = 0.08 ± 0.016, whose main error is dominated by 
theoretical extrapolation from a small part of the lepton spectrum in semileptonic b — > u 
decays, implies 

0.363 ±0.073 . (22) 



(p 2 + v 2 ) 1/2 



This constraint can be plotted in the (p, 77) plane as a band bounded by circles centered 
at (0,0). 

Finally, unitarity specifies uniquely the form V td = AX 3 (1 — p — irj). To summarize, 
the CKM matrix may be written in terms of the 4 parameters A, A, p, and rj as 



V 



1 - A 2 /2 
-A 

A\ 3 (l - p-irj) 



X 

-X 2 /2 
-AX 2 



AX 3 (p — irj) 
AX 2 
1 



(23) 



The form (^) is only correct to order A 3 in the matrix elements. For certain purposes 
it may be necessary to exhibit corrections of higher order to the elements. This can be 
done using the unitarity of the matrix. 



in 




Figure 7: Unitarity triangle for CKM elements, (a) The relation (|24| ) in the complex 
plane; (b) Eq. (|2~4[) divided by the normalizing factor AX 3 . 
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Figure 8: Box diagrams for mixing of B° and B°. 



The unitarity of the CKM matrix implies that the scalar product of one row (or 
column) with the complex conjugate of any other row (or column) must vanish: for 
example, 

v: d v td + v: s v ts + v: b v tb = o . (24) 

Since V* d « 1, V* s « A, V ts « -AX 2 , and V^, « 1 we have V td + = AX 3 , a 
useful relation expressing the least-known CKM elements in terms of relatively well- 



known parameters. This result can be visualized as a triangle j|2| in the complex plane 
[Fig. 7(a)]. In this figure the angles a, (3, and 7 are defined as in the review by Nir and 
Quinn @. 

Dividing (|24| ) by AX 3 , since V^/AA 3 — p + ir], V td /AX 3 = l — p — it], one obtains a 
triangle of the form shown in Fig. 7(b). The value of V* b /AX 3 may then be depicted as a 
point in the (p, if) plane. The major ambiguity which still remains in the determination 
of the CKM matrix elements concerns the shape of the unitarity triangle. The answer 
depends on the magnitude of V t d- As we shall see, decays alone will not provide the 
answer. In order to learn about the elements Vtd and Vt s one must resort to indirect 
means, which involve loop diagrams. 

B. Mixing of neutral B mesons 

The box diagrams of Fig. 8 dominate the mixing between B° and B°, leading to 
a splitting Am between the mass eigenstates. (We present an abbreviated account of 



mixing; for more details see [g, |44], |45], |46|.) The leading contributions in each of these 
diagrams cancel one another when one sums over all the intermediate quarks of charge 
2/3, since V u bV* d + V c bV* d + VtbV t * d = 0. The remaining contributions are dominated by 
the top quark since the corresponding CKM products of pairs of CKM elements VibV* d 
are each of order A 3 and m t ^> m c , m u . One then finds |36| 



Am = ^ 2 \V u \ 2 M 2 w m B flB B r ]B s[^ , (25) 



1 1 



where 

3 — 9a; 6x 2 In x 



S(x) = I 



1 + 7 7777 + 



(26) 



(x-1) 2 (x-1) 

This factor behaves as x for small x and x/4 for large x and equals 3/4 for x = 1. 

We take m* = 175 ± 6 GeV/c 2 as noted in Sec. 1 C, M w = 80.34 ± 0.10 GeV/c 2 
(see Sec. 3), m B = 5.279 GeV/c 2 (see [0), and fsV^B = 200 ± 40 MeV f3J, |3§. 
Here fs is the S meson decay constant, defined in such a way that the matrix element 
of the weak axial-vector current = 67^75^ between a B° meson and the vacuum 
is (Ol^l-B ^)) = ipfifs- With this normalization, the decay constants of the light 
pseudoscalar mesons are f n = 131 MeV and fx = 160 MeV. The meson decay constants 
express the amplitude for the corresponding quark and antiquark (e.g., b and d) to be 
found at a point, as they must in order to participate in the short- distance processes 
expressed by Figs. 8. 

The factor Bb expresses the degree to which the diagrams of Fig. 8 actually provide 
the contribution to B — B mixing. It is sometimes known as the "vacuum saturation 
parameter" or, more obscurely, as the "bag parameter" since an early estimate of the 
corresponding quantity for kaons was performed in a "bag" model of quarks confined in 
hadrons. It has been estimated in lattice gauge theories |48| to be 1.16 ±0.08. Finally, 
t] B = 0.55 is a QCD correction. All quantities are quoted in the same consistent 
renormalization scheme JJ9J and often appear in the literature with hats. 

The first hints of B — B mixing were obtained by the UAl Collaboration in 1986 
pUf . I 11 proton-antiproton collisions, an excess was observed of like-sign muons above 
background, which could be interpreted as the effects of B — B pair production, followed 
by oscillation of one of the (probably strange) B's to its antiparticle and semileptonic 
decay of both 5's. (As we shall see, the mixing amplitude for strange 5's is expected 
to be much larger than that for nonstrange ones.) 

The first evidence for mixing of nonstrange B's was obtained by the ARGUS 
Collaboration in 1987 [|5lJ. The reaction e + e~ — ► B°B° was studied at threshold; the 



observation of like-sign lepton pairs from the semileptonic decays of b quarks (e.g., 
b — ► c£~i>i, where I = e or jj) indicated that one of the neutral B mesons had oscillated 
to its antiparticle. The large mixing amplitude, Am/T ~ 0.7 (where Am is the mass 
difference between mass eigenstates and T is the B meson decay rate), was one early 
indication of a very heavy top quark. 

With the rapidly moving B mesons and the fine vertex information now available 
at LEP HH, CDF |k|, and SLD [||] (see also the review by |0|), it has become 



possible to directly observe time- dependent B° — B° oscillations with a modulating 
factor sin(Amt) (where t is the proper decay time). The current world average is 
Arrid = 0.470 ± 0.017 ps _1 , where the subscript refers to the mixing between B° = bd 
and B° = bd. Using the expression (p5|) and the parameters mentioned above, we can 
then obtain an estimate of \V t d\, which leads, once we factor out a term AX 3 , to the 
constraint 

\l-p-i v \ = i.oi ±0.22 . (27) 

This result can be plotted in the (p, rj) plane as a band bounded by circles with centers 
at (1,0). 

Now that the top quark mass is known so precisely, the dominant source of error in 
Eq. ([27]) is uncertainty in the B meson decay constant fs- Pseudoscalar meson decay 
constants, through the axial-current matrix element mentioned earlier, govern purely 
leptonic processes such as 71 — > \w, K fiu, and the recently observed D s — > fiu 
and D s — > tv. (The D s = cs is the lowest-lying charmed-strange meson; see Fig. 5.) 
Information on heavy meson decay constants can be improved in several ways H. 
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Direct measurements of D s leptonic decays have been reported by the WA75, 
CLEO, BES, and E653 Collaborations ||5£|, and one can also estimate D s by assuming 



factorization in certain B decays in which the charged weak current produces a D s |5? 



A recent compilation of experimental values ]58]| yields fjj a = (241 ± 21 ± 30) MeV. 



Estimates based on flavor SU(3), whereby one relates fjj a to the corresponding 
decay constant fjj of the nonstrange charmed meson, yield ratios fo / fu s in the range 
0.8 - 0.9. Thus, one expects a value of fjj not far below the current experimental upper 
bound f59j fo < 290 MeV (90% c.L). This limit was placed by studying the reaction 
e + e~ — > D + D~ just above threshold at the SPEAR storage ring, and looking for the 
distinctive decay D — > \w opposite an identified D. The Beijing Electron-Positron 



Collider collaboration [60] has identified one D — > \iv event, leading to fo = 300 +lis " N " 



-150-40 

MeV. 

Direct measurements of Jb are possible once [V^l is fairly well known, since the 
partial width T(B — > tv) is proportional to (/b|Ki&|) 2 - The expected branching ratios 
are about (1/2) x 10~ 4 for tv and 2 x 10~ 7 for \iv ||. Theoretical estimates of fs take 
many forms, including quark models [51] and lattice gauge theory calculations 



leading to a rough range fs = 180 ± 40 MeV. 

The same SU(3) estimates ^] for the ratio of JdI fo a also give a very similar 



ratio of fs / /s s • It has been shown that the equality of these two ratios is to be expected 
within a few percent fl63 |. 



C. CP-violating K° — K° mixing 

The top quark (and its charge —1/3 partner, the bottom) were invented Q to 
explain CP violation in the neutral kaon system. More than thirty years after its 
discovery [f)4}| , this remarkable phenomenon has only a candidate theory to explain it, 



with confirmation of the explanation still to come. (For a compendium of literature on 
CP violation, see [j65| .) 

The K° and K° are strong-interaction eigenstates of opposite strangeness, but the 
weak interactions do not conserve strangeness. Hence the weak interactions may, and 
do, pick out linear combinations of K° and K° in decay processes [66|. As of 1957, 



when the weak interactions were understood to violate charge-conjugation invariance C 
and spatial reflection P but to preserve their product CP, one expected |>? the linear 



combination = (K° + K°)/V2, with even CP, to have a much more rapid decay 
rate since it could decay to the CP-even final state of two pions. The orthogonal linear 
combination K\ = (K° — K°) / a/2, with odd CP, would live much longer since it was 
forbidden by CP invariance to decay to two pions and would have to decay to three 
pions or a pion and a lepton-neutrino pair. In fact, a long-lived neutral kaon does exist 



S8[ , with a lifetime about 600 times that of the short-lived variety. 

In 1964 J. Christenson, J. Cronin, V. Fitch, and R. Turlay reported that in fact 
the long-lived neutral kaon did decay to two pions, with an amplitude whose magnitude 
is about 2 x 10 -3 that for the short-lived K — > 2ir decay. To reach this conclusion they 
constructed a beam of neutral long-lived kaons and observed their decays in a spark 



chamber 64 



One then can parametrize the mass eigenstates as 

K s ("short") ~ K x + tK 2 , K L ("long") ~ K 2 + eK x , (28) 

where |e| ~ 2 x 10~ 3 and the phase of e turns out to be about ir/A. The parameter 
e encodes all that is currently known about CP violation in the neutral kaon system. 
But where does it come from? 
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Figure 9: Box diagrams for mixing of a neutral kaon and its antiparticle. 



One possibility, proposed |)9| immediately after the discovery and still not ex- 
cluded, is a "superweak" CP-violating interaction which directly mixes K° = ds and 
K° = sd. This interaction would have no other observable consequences since the 
K° — K° system is so sensitive to it! 

The presence of three quark families Q poses another opportunity for explaining 
CP violation through the mixing diagram shown in Fig. 9. With three quark families, 
phases in complex coupling coefficients cannot be removed by redefinition of quark 
phases. Within some approximations |J, the parameter e is directly proportional to 
the imaginary part of the mixing amplitude described in Fig. 9. Its magnitude (see [H 



or [45 1 for a calculation in the limit of m t <C My/) is 
; G 2 F m K j 2 K B K M 2 w 



V2(12n 2 )Am K 



[t}iS(x c )Icc + r) 2 S(x t )I u + 2r] 3 S(x c ,x t )I, 



ct 



(29) 



where Uj = lm(V* d Vi S V* d Vj S ). In order to evaluate these expressions we need to work 
to sufficiently high order in small parameters in V. The application of the unitarity 
relation to the first and second rows tells us, in fact, that a more precise expression 
for V cd is V cd = -A - A 2 X\p + irj). We then find I cc = -2A 2 X 6 r], I ct = A 2 X e r], and 
I tt = 2A 2 \ 6 rj{A 2 \\l - p)]. The factors rji = 1.38, r] 2 = 0.57, r] 3 = 0.47 are QCD 



corrections f70| , while Xj = mf/M^. The function S(x) was defined in Eq. (p6]), while 
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4 + 2(l-y) 



4(1 -yf 



hiy_ 

y - x 



+ (y <-> x) - 



4(l-x)(l-3/) 



(30) 



p)S{x t )\ . (31) 
160 MeV, Am K = 



p9|) may then be rewritten (updating JfT|) as 

|e| = A.WA 2 B K r 1 [r h S{x cl x t ) - Vl S(x c ) + r/ 2 A 2 A 4 ( 

Using the experimental values [gTfl |e| = (2.28 ± 0.02) x 10~ 3 , f K 
3.49 x 10~ 15 GeV, and m K = 0.4977 GeV, the value B K = 0.75 ± 0.15 |72[, and the 
top quark mass m t (M\y) = 165 ± 6 GeV/c 2 , we find that CP-violating K — K mixing 
leads to the constraint 

77(1 - p + 0.44) = 0.51 ± 0.18 , (32) 

where the term 1 — p in parentheses corresponds to the loop diagram with two top 
quarks, and the term 0.44 corresponds to the additional contribution of charmed quarks. 
The major source of error on the right-hand side is the uncertainty in the parameter 
A = V c b/\ 2 . Eq. (|32D can be plotted in the (p, 77) plane as a band bounded by hyperbolae 
with foci at (1.44,0). 

D. Summary of parameter space 



The constraints (§2), (27]), and (|32|) define the allowed region of parameters shown 
in Fig. 10. The boundaries shown are la errors, but are dominated by theoretical 
uncertainties in each case. 
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Figure 10: Region in the (p,rf) plane allowed by constraints on |Ki&/K*| (dotted semi- 
circles), B° — B° mixing (dashed semicircles), and CP- violating K — K mixing (solid 
hyperbolae) . 



A large region centered about p ~ 0, rj ~ 0.35 is permitted. Nonetheless, it could 
be that the CP violation seen in kaons is due to an entirely different source, perhaps a 
superweak mixing of K° and K° |6£| . In that case one could probably still accommodate 
r\ — 0, and hence a real CKM matrix, by going slightly outside the lex bounds based 
on \V u b/V c b\ or B — B mixing. In order to confirm the predicted nonzero value of f], we 
turn to other experimental possibilities. 

E. CP violation in B meson decays 

We have already mentioned the information provided by B° — B° mixing. The 
large value of Am/T ~ 0.7 was an early hint, through graphs of the form of Fig. 8, 
that the top quark was very heavy. This large value also has another very important 
benefit: It makes possible a class of incisive studies of CP violation in neutral B meson 
decays J75| . 

By comparing rates decays for a state which is produced as B° and one which is 
produced as a B° to final states which are eigenstates of CP, one can directly measure 
angles in the unitarity triangle of Fig. 7. Because of the interference between direct 
decays (e.g., B° — > J/ipRg) and those which proceed via mixing (e.g., B° — ► B° — > 
J/ipK s ), these processes are described by time- dependent functions whose difference 
when integrated over all time is responsible for the rate asymmetry. Thus, if we define 

_ T(B t=0 -> f) - T(B t=0 -> f) 
f -T(B t=0 ^f) + T(B t=0 ^f) ' {66) 

we have, in the limit of a single direct contribution to decay amplitudes, 

A(J/^K s ,7i + n-) = --^sm(2f3,2a) , (34) 

1 + x d 

where x,i = Am(B )/T(B ). This limit is expected to be very good for J/ipKg, but 
some correction for penguin contributions (see Sec. 2 G) is probably needed for 7r + 7r~. 
The value x,i ~ 0.7 is nearly optimum to maximize the coefficient of sin(2/3,2a). 

1 F> 



To see this behavior in more detail [74], we note that the time-dependent partial 
rates for a state which is initially B° (B°) to decay to a final state / may be written as 

dT[B°(B°) -> f]/dt ~ e~ r '[l =F ImA sin(Amt)] , (35) 

where in order to obtain this simple result we neglect AT/T in comparison with Am/T. 
This step is justified for B's, in contrast to the situation for A^'s. The final states to 
which both B and B can decay are only a small fraction of those to which B or 
B normally decay, and so one should expect quite similar lifetimes for the two mass 
eigenstates. Integration of ( j35|) gives 

Cf = T^ImA (/) (36) 

d 

for the total asymmetry. For the CP-eigenstate final states mentioned, \q{J /ipKg) = 
—e~ 2lf3 and Ao(7r + 7r~) = e 2ia . The extra minus sign in the first relation is due to the 
odd CP of the J/ipKs final state. 

The asymmetry ([36]) is suppressed both when Am/T is very small and when it is 
very large (e.g., as is expected for B s ). For B s , in order to see an asymmetry, one must 
not integrate with respect to time. Experiments planned with detection of B s as their 
focus will require precise vertex detection to measure mixing as a function of proper 
time. For B°, on the other hand, the value of xj (1 + x 2 ) for x = 0.7 is 0.47, very close 
to its maximum possible value of 1/2 for x = 1. 

When more than one eigenchannel contributes to a decay, there can appear terms 



of the form cos(Amt) as well as sin(Amt) in results analogous to Eqs. (|35|) fTBJ . These 
complicate the analysis somewhat, but information can be obtained from them |7?J on 
the relative contributions of various channels to decays. 

F. Lifetime and mass differences for strange £>'s 

The mixing between strange B's due to diagrams like those in Fig. 8 is considerably 
enhanced relative to that between nonstrange S's: 



Am s fiB 



B s 



Am d f B B B 



V t 



Vt 



td 



17- 52 , (37) 



where we have taken the expected ranges of decay constant and CKM element ratios, 
and Am s refers to mixing between the B s = bs and B s = bs. Alternatively, we may 
retrace the steps of Sec. 2 B, replacing appropriate quantities in Eq. (|25|), to derive an 
analogous expression for Am s , which we then evaluate directly. For Vt s = 0.040±0.004, 
m Bs = 5.37 GeV/c 2 , f^^/B^ = 225 MeV, VBs = 0.6 ± 0.1, and [gtj t Bs = 1/T S = 
1.55 ± 0.10 ps, we find Am s /r s = 22 ± 6, with an additional 40% error associated with 
f Bs B Bs . This result implies many particle-antiparticle oscillations in a decay lifetime, 
requiring good vertex resolution and highly time-dilated -B s 's for a measurement. The 
present experimental bound Am s > 9.2 ps -1 based on combining ALEPH and DELPHI 
results JrTJ begins to restrict the parameter space in an interesting manner. 



The large value of Am s entails a value of Ar s between mass eigenstates of strange 
B J s which may be detectable. After all, the short-lived and long-lived neutral kaons 
differ in lifetime by a factor of 600. Strong interactions and the presence of key channels 
(e.g., 7T7r) are a crucial effect in strange particle (e.g., K° and K°) decays. While the 
b quark decays as if it is almost free, so that strong interactions here are much less 
important, it turns out that a corresponding difference in lifetimes for strange -B's of 
the order of 20% is not unlikely [|7£| . 



In the ratio Am s /Ar s , uncertainties associated with the meson decay constants 



cancel out, and in lowest order (before QCD corrections are applied) one finds [[79], |0 
Am s /Ar s ~ 0(—[l/7i][m 2 /m 2 ]) ~ —200. The sign indicates that the heavier state is 
expected to be the longer-lived one, as in the neutral kaon system. The top quark does 
not contribute to the width difference associated with the imaginary part of the graphs 
in Fig. 8, since no ti pairs are produced in B s decays. 

Aside from small CP- violating effects, the mass eigenstates of strange B's cor- 
respond to those B^ of even and odd CP. The decay of a B s meson via the quark 
subprocess b(s) — > ccs(s) gives rise to predominantly CP-even final states fl8l| , so the 



CP-even eigenstate should have a greater decay rate. One calculation [78] gives 



r(s«) - r(s<->) fl 



°- 18 (200 MeV)2 ' (3 ^ 



while a more recent estimate [82] is 0.16lo;Jg. The lifetime difference between CP- 



even and CP-odd strange B's thus can provide useful information on fg g , and hence 
indirectly on the weak interactions at short distances. One way to learn this lifetime 
difference [|3]] is to study angular distributions in B s — > J/ip + — > e + e~K + K~ (or 
fi + fi~K + K~). The J/ij) and 4> are both spin-1 particles and hence can be produced in 
states of orbital angular momenta L = 0, 1, and 2 from the spinless B s decay. L = 1 
corresponds to P = CP = — , while L = or 2 corresponds to P = CP = +. A simple 
transversity analysis j84]] permits one to separate the two cases. 



In the rest frame of the J/ip, let the x axis be defined by the direction of the 0, the 
x — y plane be defined by the kaons which are its decay products, and the z axis be the 
normal to that plane. Let the e + (or fi + ) make an angle 9 with the z axis. Then the 
CP-even final states give rise to an angular distribution 1 + cos 2 9, while the CP-odd 
state gives rise to sin 2 #. In case both CP eigenstates are present in B s — ► J/ip<f), one 
will see a gradual increase of the sin 2 9 component relative to the 1 + cos 2 9 component. 
More likely (if predictions |81[] are correct), the CP-even state will dominate, so that 
one will be measuring mainly the lifetime of this eigenstate when following the time- 
dependence of the decay. The average decay rate f = (r + + r_)/2 (the subscripts 
denote CP eigenvalues) is measured in flavor-tagged decays of B s = bs — ■> c + . . . or 
B s = bs — > c + . . .. 

A recent analysis f85| of B — > J/ ipK* has some bearing on the B s — > J / ipcj) partial- 



wave structure. The two processes are related by flavor SU(3), involving a substitution 
s d of the spectator quark. Thus, one expects the same partial waves in the two 
decays. The CLEO Collaboration has studied 146 B -> J/ipK* decays in 3.36 x 10 6 BB 
pairs produced at the Cornell Electron Storage Ring (CESR). 

One can decompose the amplitude A for a spinless meson to decay to two vector 
mesons into three independent components p6| , corresponding to linear polarization 
states of the vector mesons which are either longitudinal (0), or transverse to their 
directions of motion and parallel (||) or perpendicular (_L) to one another. The states 
and || are P-even, while the state _L is P-odd. Aside from the case of Aq, which is 
special for massive vector mesons, these arguments were advanced some time ago |^7| 
to determine the parity of the neutral pion in its decays to two photons. Since J j and 
(f) are both C-odd eigenstates, the properties under P are the same as those under CP. 

A suitably normalized amplitude A± thus can be expressed in terms of partial- wave 
amplitudes S, P, and D as \A ± \ 2 = \P\ 2 /(\S\ 2 +\P\ 2 +\D\ 2 ). In B s -> J/ipcj), \P\ 2 would 
correspond to a CP-odd final state and hence to the decay of the odd-CP eigenstate. 
The CLEO results ]S§ for the related process B -> J/ipK* are \A ± \ 2 = 0.21 ± 0.14 
from a fit to the transversity angle, and \Aj_l 2 = 0.16 ± 0.08 ± 0.04 from a fit to the 
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Figure 11: "Penguin" diagram describing transition of a quark x to another quark y 
with the same charge. The intermediate quarks have charge differing from Q(x) = Q(y) 
by one unit. Here q = (u, d, s). 

full angular distribution. This implies (via flavor SU(3)) that B s — ► J/ip<j) is dominated 
by the CP-even final state, and thus the lifetime in this state measures approximately 
t(B^). It will be interesting to see if any evidence for non-zero \P\ 2 can be gathered 
in B — > J/ipK*, in which case B s — > J/ip<f> should exhibit the time- variation in the 
transversity- angle distribution mentioned above 



G. Processes dominated by penguin diagrams 

Although the unitarity of the CKM matrix implies flavor conservation for charge- 
preserving electroweak interactions in lowest order, we have seen that loop diagrams can 
induce flavor- changing charge-preserving interactions in higher order. Another example 
of this phenomenon is provided by the "penguin" diagram illustrated in Fig. 11. 
Although the penguin's "leg" is a gluon in this illustration, it can also be a photon or 
Z. When the external quarks x and y have charge —1/3, the intermediate quarks have 
charge 2/3 and can include the top quark. Because of the top quark's large mass, such 
penguin diagrams can be very important. 

An example of a predicted penguin effect in s — > d transitions is a phase arising 
in the decays of neutral kaons to tttt. This phase can lead to a "direct" contribution to 
the ratios for CP-violating and CP-conserving decays, in addition to that provided by 
the mixing parameter e measured earlier. 

One may define 

_ A{K L -> 7T+7T-) _ A(K L -> A ) 

V+ - = A(K S =; Tr+Tr-) ; Vo ° = A(K S - ttW) ; (39) 

the effect of "direct" decays then shows up in a parameter e' which causes ?? + _ and 7700 
to differ from one another: 

V+- = e + e' ; Voo = e-2e' . (40) 

Since e' and e are expected to have approximately the same phase (see, e.g., 0), one 
expects 

|77 + _|~|e|[l + Re(e'/6)] , 

Ir/ool ^ |e|[l-2Re(e'/e] , (41) 



and hence 

2 

Voo 



V+- 



T(K L -> 2tt°) T(K l -> Tr+Tr-) e' , . 

r( A -^ 2r o) / r(/ f ^ rt -r 1 - 6Re 7 ' < 42 > 
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Present expectations |89] are that e'/e could be a few parts in 10 4 (but in any case 



e'/e < 10~ 3 ), requiring the ratio of ratios (^2|) to be measured to about one part in 
10 3 . Experiments now in progress at Fermilab and CERN should have the required 
sensitivity. The previous results of these experiments are: 

E731 [90] : Re(e'/e) = (7.4 ± 6.0) x 1(T 4 , (43) 

NA31 [91] : Re(eVe) = (23.0 ± 6.5) x 10~ 4 , (44) 

leading to some question about whether a non-zero value has been observed. Because 
of the cancelling effects of gluonic and "electroweak" penguins (in which the curly line 
in Fig. 11 is a photon or Z), the actual magnitude of e'/e is difficult to estimate, so 
that one's best hope is for a non-zero value within the rather large theoretical range, 
thereby disproving the superweak model |)S] of CP violation. 



The contribution of the (gluonic) penguin diagram to the effective weak Hamilto- 
nian may be written (for x,y equal to quarks of charge —1/3) 



H 



penguin Gp Ot s 

"726^ 



2 2 

. mi . . mf 
£ c ln^ + &ln-| 
mi mi 



(y L 7>*\ a x L )(u^\ a u + d lfl \ a d + ...) + H.c.J , (45) 

where & = Vi X V* y) and A a are color SU(3) matrices [a = (1, . . . , 8)] normalized so that 
Tr(A a A b ) = 25 ab . The top quark is dominant in the flavor- changing processes b — > d 
and b — > s (with corrections due to charm which can be important in some cases 
p2|), while the charmed quark dominates the s — > d process. (The top quark plays a 
key role, however, in the electroweak penguin contribution to this process |89fl .) One 
may imitate the effect of an infrared cutoff for the gluonic penguin graph by using a 
constituent-quark mass m u ~ 0.3 GeV/c 2 . 

One can estimate the effect of Eq. (fRJ) for the b — > sqq penguin graph; one finds 
it is comparable to that of the b — > udu "tree" contribution (G p / 1 y/2)V u i ) V* d [u'y ^(1 — 
75)6][c/7 M (l — 75)11]. The penguin contribution to b —> dqq and the b — ► usu tree 
contribution are both expected to be suppressed by approximately one power of the 
Wolfenstein parameter A ~ 0.2, as one can see by comparing CKM elements. Thus, 
B° — > 7r + 7r~ is expected to be dominated by the tree amplitude; B° — > K + n~ is 
expected to be dominated by the penguin amplitude; and the rates of the two processes 
should be similar. 

In Fig. 12 we show a contour plot of the significance of detection by the CLEO 



Collaboration [93 of the decays B° — > tt + tt and -B — > K + tt . Evidence exists for a 



combination of B° — > K + ir~ and 7r + 7r~ decays, generically known as B° — > h + ir~ . On 
the basis of 2.4 fb -1 of data, the most recent published result [0 is B(B° — > h + n~) = 
(1.8 toll -ol =t 0-2) x 10~ 5 . Although one still cannot conclude that either decay mode 
is nonzero at the 3a level, the most likely solution is roughly equal branching ratios 
(i.e., about 10~ 5 ) for each mode. Only upper limits exist for other modes of two 
pseudoscalars PSj, but these are consistent with predictions JOB . 



Penguin diagrams play a number of roles in B decays. We enumerate several of 
them; others are mentioned in ||. 

1. The process B + — > K°n + is expected to be almost completely due to the 
penguin graph; one cannot write a corresponding tree graph for it. By comparison 
with the B° — > K + tt~ decay, where the penguin graph is expected to be the main 
contribution, one expects B(B + — > K°7T + ) ~ 10 -5 . The weak phase of the process 
(which changes sign under charge-conjugation) thus is expected to be Arg(V^Vts) = it, 
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Figure 12: Contours of significance of detection of B° — > n + n and B° — > K + n by 
the CLEO Collaboration. 

Table 3: Phases of amplitudes contributing to decays of B mesons to nir and Kn. Here 
AS" refers to the change of strangeness in the process. 
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so that the charge-conjugate process has the same weak phase. As a result, one turns 
out to be able to separate strong final-state interaction phases from weak phases and 
obtain estimates of quantities like the angle 7 = Arg(V* b ) in Fig. 7 by comparing rates 
for B + —>■ (K°7T + , K + 7c°, K + rj, K + r]') with the corresponding B~ rates ||97|| . One can 
also obtain this information by measuring the time-dependence in B°(B°) — > tt + tt~ and 
the rates for B° — > K + tt~, B + — > K°tt + , and the charge-conjugate processes [pq| . (The 
rates for B + — > K°7r + and B~ — > K°tt~ are expected to be equal because of the penguin 
dominance mentioned above.) The weak phases of the major amplitudes contributing 
to these decays are summarized in Table 3. The relative weak phase of tree and penguin 
amplitudes for strangeness-preserving decays is7 + /? = 7r — a (assuming the unitarity 
triangle to be valid), while the corresponding relative phase for strangeness-changing 
decays (aside from a sign) is just 7. As a result, one can measure both a and 7. 

2. A number of processes (in addition to the decay B + — > K°tc + mentioned 
above) are dominated by penguin graphs. By comparing the rates for strangeness- 
preserving and strangeness-changing processes, one can measure the ratio |V^/Vi S | 
g9f. Examples of useful ratios are B(B + -> K*°K + )/B(B+ -> <pK + ) and B(B + -> 
K*°K* + )/B(B+ -> <pK* + ). 



3. We mentioned in Sec. 2 E that the time-integrated rate asymmetry in B — > 
7r + 7r~ could provide information on the angle a of the unitarity triangle. The most 
direct test is based on the assumption that the tree process b — > uud is the only 
direct contribution to this decay. However, "penguin pollution" |75| (due to the b —> d 
transition) makes the analysis less straightforward, even thought the penguin amplitude 
is expected to be only about 0.2 of the tree amplitude. Ways to circumvent this difficulty 
include the detailed study of the isospin structure of the titt final state J7BJ, and the use 
of flavor SU(3) to estimate penguin effects using B — > Kit, where they are expected to 



be dominant M, 98, 10C 



H. Rare kaon decays 

We give a sample of processes influenced by loop diagrams in which the top quark 
plays a role. The present discussion is based on a recent discussion of K — > isvv decays 
[|101|| . Details on other processes may be found in Refs. [f| [7C], |102| , |103| . 



We are concerned with the subprocess s — > duu, which can proceed via loop 
diagrams involving exchange of a pair of W's (a box diagram) or one W and one Z 
(an electroweak penguin). In each case results will be quoted for a sum over the three 
neutrino species. 

1. The decay K + — > ti + uj? is predicted to have a branching ratio 

B(K + -> tx+vv) ~ 10" 11 A 4 |T(a; i )(l -p- irj + [0.41 ±0.09])| 2 , (46) 
where x t = mf/M^, and 



T(x) S £ 



3x — 6 \ x + 2 

mx + 



(x — l) 2 X 



(47) 



The term 1 — p — irj in fl46|) is the contribution of the top quark, while the term in square 
brackets represents the contribution of charm, uncertain primarily because the charmed 
quark mass is not all that well known. Uncertainty in the Wolfenstein parameter A 
contributes a good deal to the error on the predicted branching ratio. The top quark's 
mass used to be a major source of error in this estimate, but is no longer. For the 
present value of m t , T(x t ) — 3. 

An experimentally measured branching ratio will define a band in the (p, rj) plane 
whose boundaries are circles with centers at (1.41 ± 0.09,0). Given the region of pa- 
rameters already allowed in Fig. 10, such a measurement essentially specifies p. The 
predicted branching ratio is 10~ 10 , give or take a factor of 2. The present experi- 
mental limit from an experiment (E787) at Brookhaven National Laboratory [|104|1 is 
B(K + -> tt+z/P) < 2.4 x 10~ 9 (90% c.L). 

2. The decay K L — > n^vv is expected to be purely CP- violating [|105|| . The 
predicted branching ratio is 

B{K L 7t°uj?) ~ 4.4 x lO- 11 ^ 4 !^)! 2 . (48) 

For the allowed range of A and r], one expects a branching ratio of 2 x 10~ n , give 



or take a factor of 2. While the present upper limit ||106|| of 5.8 x 10 (90% c.l.) is 
quite far from this, it represents a considerable advance from previous limits, and much 
improvement is expected in the next few years. 
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3. PRECISION ELECTROWEAK EXPERIMENTS 



Tests of the electroweak theory have reached the precision that they are sensitive 
to the mass of the top quark. Indeed, the large top quark mass had been anticipated 
to some extent by these experiments. In this section we review the lowest-order theory, 
show how it is affected by the top quark in loop diagrams, and explore the sensitivity 
of precision electroweak measurements to further types of heavy particles which could 



shed light on the top quark's mass. We draw heavily on the discussion in Ref. ||107 
for which the present discussion serves in part as an update. 

A. Lowest-order formalism 

In order to construct a renormalizable theory of the weak interactions, it was 
proposed quite early [ |108|| to regard the four-fermion interaction as the limit at zero 
momentum transfer of a process in which an intermediate vector boson (now called W) 
was exchanged, so that one identifies Gp/V^ = g 2 /8M v/ . The Fermi coupling constant 
is well known: Gp = 1.16639(2) x 10~ 5 GeV -2 . However, neither the coupling constant 
g nor the W mass My/ were known when this proposal was made. Searches for W's as 
light as a couple of GeV/c 2 were undertaken in the early 1960's. 

If W ± exchange is to be described by a gauge interaction, the simplest group 
containing charged W's is SU(2), which also contains a W°. But one cannot identify 
the W° with a photon. Aside from the fact that the symmetry must be badly broken, so 
that the photon remains massless while the charged W's become very heavy, there are 
two other difficulties. First, the charged W's couple to matter with a V — A interaction 



109|| , i.e., to left-handed particles, while the photon couples via a V interaction, i.e., to 
both left-handed and right-handed particles. Second, if the photon really were identified 
with W° all the charges of particles would have to be half-integer, just like values of 
J3, the third component of angular momentum. 

The solution || is to add an SU(2) singlet B to the theory, with another coupling 
constant g'. The photon can then be one mixture of the B and the W , while there 
will be another neutral particle which is the orthogonal mixture: 

Photon : A = B cos 9 + W sin 9 (m = 0) ; 

New : Z = -Bsin9 + W° cos 9 (m ^ 0) . (49) 

The W° couples to the third component I3L of the SU(2). The subscript "L" stands 
for "left-handed" and refers to the fact that all three components of the SU(2), both 
the charged W's and the W°, couple only to left-handed particles or right-handed 
antiparticles. The B couples to a new quantum number "weak hypercharge," invented 
to account for the difference between electromagnetic charge and I^l'- 

Qem = hL + ^f- ■ ( 50 ) 

Once the interaction Lagrangian is expressed in terms of the photon and Z, one finds 
that the electron charge e is related to the other parameters in the theory by e = 
g sin 9 = g' cos 9, so that 

1 1 1 , ^ / TO \ 1 '' 2 , . „ . . 

? = ? + ^ i M »-{72G- F ) /Sm " ' (51) 
Moreover, the Z mass is related to the W mass: 



cos# ' v/2 8M 
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Figure 13: Loop diagrams with virtual fermions leading to important vacuum polariza- 
tion effects, (a) Photons (all fermions / below the top quark are important); (b) W; 
(c) Z. 



B. Effects in loop diagrams 



The effects of fermions in loop diagrams, as shown in Fig. 13, are seen in several 
ways in the electroweak interactions. 

The photon vacuum polarization effects shown in Fig. 13(a) lead to an effective 
fine structure constant ct(q 2 ) at an invariant momentum scale q 2 which is related to the 
usual a ~ 1/137.036 at q 2 = by 



a 



a 



—- + In — 



m 



(53) 



The quantity Il 77 can be evaluated in part using data on e + e~ — > hadrons; several 
recent precise determinations |110|| lead to oc (Mz) — 128.9 ± 0.1. This quantity is 
scheme-dependent; one also sees it quoted in as 127.9 ±0.1 in the MS scheme [111]. 

If we had used a -1 = 137.036, the expressions we have written for the W and Z 
masses would imply, using the latest value sin 2 6 = 0.23165, that Mw = 77.5 GeV/c 2 
and Mz = 88.4 GeV 2 . The use of the correct value of a~ 1 (Mz) changes these pre- 
dictions to M w = 79.86 GeV/c 2 , M z = 91.11 GeV/c 2 . These values are to be 
compared with the experimental ones Mw = 80.34 ± 0.10 GeV/c 2 (see below) and 
91.1863 ± 0.0020 GeV/c 2 



M z = 91.1863 ± 0.0020 GeV/c 2 (see 0, [|TT2j and M ). The use of the correct 
value of a considerably improves the predictions, but the experimental ratio Mw/Mz 
is higher than predicted. The major part of the reason may be traced to the effect of 
the very heavy top quark in the loop diagrams of Figs. 13(b) and 13(c). 

Both vector and axial-vector currents enter in the couplings of W and Z to 
fermions; the axial-vector currents are not conserved when the fermions have mass. 
Moreover, even the vector currents are not conserved when the fermions have unequal 
masses [as in Fig. 13(b)]. The result is the appearance of contributions to II for the W 
and Z which are quadratic in fermion masses. No such contributions appear in II 77 , as 
a result of electromagnetic gauge invariance and current conservation. 



The low-energy limits of W and Z exchange are now described by 



G f 
V2 



8M W 



V2 



P 



g 2 + g' 2 

8Ml 



(54) 



where the parameter p, which receives contributions from quark loops to W and Z 
self-energies, is dominated by the top ||114|| : 



P 



3G F m 2 
8n 2 V2 



(55) 
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Consequently, if we define 9 by means of the precise measurement at LEP of 

Ml = -=- =- — , 



V2G F psm 2 6cos 2 6 



(56) 



then 9 will depend on m t , and so will My/ in Eq. (|5*T|). The ratio M\y/M z = y/pcos^ 
then may be used to extract a value J~p = 1.0050 ± 0.0013, implying m t = 179(1 ± 
0.13) GeV/c 2 . We shall see that the inclusion of other electroweak data does not greatly 
alter this simple result. 

In order to display dependence of electroweak observables on such quantities as 
the top quark and Higgs boson masses m t and Mh, we choose to expand the observ- 
ables about "nominal" values calculated for specific m t and Mh- We thereby bypass 
a discussion of "direct" radiative corrections which are independent of m t , Mh, and 
new particles. We isolate the dependence on m t , Mh, and new physics arising from 
"oblique" corrections ||115|| , associated with loops in the W and Z propagators like 
those shown in Figs. 13(b,c). 

For m t = 175 GeV, M H = 300 GeV, the measured value of M z leads to a nominal 
expected value of sin 2 9 e & = 0.2315. In what follows we shall interpret the effective value 
of sin 2 9 as that measured via leptonic vector and axial- vector couplings: sin 2 9 e s = 
(1/4) (1 — [gv/ g l A\)- We have corrected the nominal value of sin 2 9y^ = s 2 as quoted by 



DeGrassi, Kniehl, and Sirlin [116] for the difference [117] sin 2 9 c g — s 2 = 0.0003 and for 



the recent change in the evaluation of a(M z ) |110| |. 
Defining the parameter T by Ap = aT, we find 



T 



167rsin 9 



m 2 - (175 GeV)- 



In 



M, 



8tt cos 2 9 300 GeV 



(57) 



The weak mixing angle 9, the W mass, and other electroweak observables depend on 
m t and Mh- 

The weak charge-changing and neutral-current interactions are probed under a 
number of different conditions, corresponding to different values of momentum transfer. 
For example, muon decay occurs at momentum transfers small with respect to My/, 
while the decay of a Z into fermion-antifermion pairs imparts a momentum of nearly 
M z /2 to each member of the pair. Small "oblique" corrections [ 115 ], logarithmic in m t 
and Mh, arise from contributions of new particles to the photon, W , and Z propagators. 
Other (smaller) "direct" radiative corrections are important in calcuating actual values 
of observables. 

We may then replace (B3) by 



V2 



8M 2 , 



1 + 



a Si 



4 sin 2 9 



G F p 
V2 



g 2 + g' 2 

8M Z 



1 + 



4 sin 2 9 cos 2 9 



(5f 



where Sy/ and S z are coefficients representing variation with momentum transfer. To- 
gether with T, they express a wide variety of electroweak observables in terms of quan- 
tities sensitive to new physics. (The presence of such corrections was noted quite early 
by Veltman ||118||.) The Peskin-Takeuchi [|115|| variable U is equal to Sw — S z , while 



S = S z . 

Expressing the "new physics" effects in terms of deviations from nominal values 
of top quark and Higgs boson masses, we have the expression (0) for T, while contri- 
butions of Higgs bosons and of possible new fermions U and D with electromagnetic 
charges Qy and Qo to Sw and S z , in a leading-logarithm approximation, are ||119 



S z — — 

07T 



In 



M 



300 GeV/c 2 



+ £A^(l-4Qln^) 
V m D J 



(59) 
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s 



1 

67T 



In 



M. 



H 



+ £A c (l-4Q D ln^) 



300 GeV/c 2 ' *^"m D ;j ' (60) 

The expressions for and are written for doublets of fermions with Nc colors and 
my > m D 3> m^, while Q = (Qc/ + Qr>)/2. The sums are taken over all doublets of 
new fermions. In the limit mjj = one has equal contributions to Sw and Sz- For 
a single Higgs boson and a single heavy top quark, Eqs. (p9|) and (|60|) become 
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(61) 
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where the leading-logarithm expressions are of limited validity for Mu and m t far 
from their nominal values. A degenerate heavy fermion doublet with N c colors thus 
contributes ASz = ASw = N c /(6ir). For example, in a minimal dynamical symmetry- 
breaking ( "technicolor" ) scheme about which we shall have more to say presently, with 
a single doublet of N c = 4 fermions, one will have AS* = 2/(3-71") ~ 0.2. This will turn 
out to be marginally acceptable, while many non-minimal schemes, with large numbers 
of doublets, will be seen to be ruled out. 

C. Analysis of present data 

We shall discuss a number of observables, including neutrino deep inelastic scat- 
tering, direct W mass measurements, direct measurements of a number of Z properties, 
and parity violation in atoms. 

Among the first pieces of evidence for neutral currents was the presence of muonless 
events in neutrino deep inelastic scattering ||120|| . The ratios of neutrino and antineu- 
trino neutral-current (NC) to charged-current (CC) cross sections, R v and R„, are 
predicted to be ||121|| 



Ru 



a NC {vN) 

(jNcjvN) 
a C c{vN) 



P 



1 5 2 / -i > 

- -x + -x (1 + r) 



- x + -xHl + 



9 



(62) 



where x = sin 2 6 and r = acc(vN)/acc{yN). These expressions are proportional to 
p 2 since they involve neutral current cross sections (squares of amplitudes). 

The resulting plot of R u vs. R v as a parametric function of sin 2 6 is shown in 
Fig. 14. One gets a "nose-like" curve. The experimental rate for vN — ► v + . . . (the 
plotted point is based on Ref. | 122|| ) is about as low as it can be, while the rate for 
uN — > u + . . . is very sensitive to sin 2 6 and provides a good measure of it. It turns out 
that the x and p dependences combine in such a way that R v actually depends on m t 
and Mu in very much the same way as does Mw- As a result, measurements of R v are 
often quoted as effective measurements of Mw, which is what we shall do here. 

Averaging a new measurement ||122|| with previous determinations ||123| , |124|| , one 

80.306 ± 0.218 GeV/c 2 when one takes into 



Mi 



it- 



finds a result equivalent to Jj 
account the measured value of Mz- [A somewhat different average was quoted in ||122 
implying M w = 80.220 ± 0.208 GeV/c 2 .] 

Direct measurements of the W mass have been presented by the CDF and DO 
Collaborations |]126|, |127||. These use kinematic fitting to the sharp Jacobian peak in 
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Figure 14: Ratios R v and Rp plotted against one another for varying values of sin 2 9 
and p = 1. The x marks denote units of 0.1 in sin 2 9, starting at the point (0.5,0.5) for 
sin 2 9 = 0. The dashed line corresponds to r = 1/3, which would be appropriate if the 
nucleon had no antiquarks but were composed only of valence quarks. The solid line 
corresponds to r = 0.4 (approximately the measured value). Plotted point illustrates 
measured values. 

Table 4: Recent direct measurements of the W mass. 



Collaboration M w (GeV/c 2 ) 



CDF (Run 1A) 


80.41 ±0.18 


DO (Run 


1A) 


80.35 ±0.27 


DO (Run 


IB) 


80.38 ±0.17 


LEP 




80.3 ±0.4 ±0.1 


UA2 




80.36 ±0.37 


Averag 


;e 


80.356 ±0.125 



pp — > W + . . . — > Iv^ + . . ., where £ = (e, //). Now, for the first time, it is possible as 
a result of the increased energy at LEP to directly measure a point on the excitation 

► w+w- 



curve m e 1 e 
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yielding a surprisingly accurate value for only a few 
dozen events. These results are compared with an earlier determination by the UA2 
Collaboration [ 129|| in Table 4. (See also Ref. ||113| .) 

The W width Tyy is an interesting quantity (see also Ref. [ 113} |). A popular way 



of measuring it which is sometimes quoted as giving the total width is to measure the 
ratio of signals a{pp — > W ± . . . — > tv^ + . . .)/cr(pp — > Z + . . . — > f + fr ± . . .). In fact, 
however, since one needs to combine the standard model prediction for T(W — > iv) 
with this ratio in order to extract T w , what one actually ends up measuring is the 
branching ratio B(W — > tvi). 

The standard model predicts [|130|| 



B{W -> iv t ) 



3 ± 6[1 ± (a s (il%)/7r)] 



0.1084 ±0.0002 



(63) 



if the W —> tb channel is closed and there are no unanticipated channels other than 
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Table 5: Determinations at LEP of sin 2 9 e g 



Observable 


Name 


Value 


Error 


FB 


Forward-backward asymmetry 


0.23085 


0.00056 


A T 


See notes (a,b) 


0.23240 


0.00085 


A e 


See notes (a,b) 


0.23264 


0.00096 


(Qfb) 


F-B charge asymm., light quarks 


0.23200 


0.00100 


A c 
FB 


F-B charm asymmetry 


0.23155 


0.00112 


A b 

FB 


F-B bottom asymmetry 


0.23246 


0.00041 


sin 2 9^ 


LEP Average 


0.23200 


0.00027 



(a) A, = 2 9 y A l[{gif + (g{f] 

(b) A T , A e extracted from angular dependence of r polarization 



the three species of £u£ and the lighter-quark channels. The world average ||113|| is 



0.110 ± 0.003. On the other hand, a cruder but less theory-dependent measurement of 
the total width ||131|1 makes use of the different dependence on T w of charged lepton 



pair production on and off the W peak, and leads to T w — 2.11 ± 0.28 ± 0.26 GeV in 
accord with the standard model prediction [|113|| of 2.077 ± 0.014 GeV. The "oblique" 



corrections mentioned above turn out not to affect the W width |130|] , 

A number of measurements of Z properties have become possible as a result of 

the huge statistics amassed at the LEP e + e~ Collider in the reaction e + e~ — > Z — > 

The ability of the SLC Collider at Stanford to polarize electron beams longitudinally 
has permitted useful information to be obtained at that machine despite a much lower 
collision rate. The numbers we shall quote are those contained in the latest version 
of the LEP Electroweak Working Group document 0, which should be consulted for 
further references. 

The mass of the Z, now measured to be Mz = 91.1863 ±0.0020 GeV/c 2 , can serve 
an input to the electroweak theory when combined with Gp and aiMz) to predict all 
other observables as functions of m t and Mh- Deviations of observables from "nominal" 
values predicted for specific choices of m t and Mh can be described as linear functions 
of the parameters S, T, and U mentioned above. Every observable is a homogeneous 
function of degree 0, 1, or 2 of the factor p = p nommal (i _|_ a T) and of sin 2 9(S, T). Thus, 
every observable will define a band in the S — T plane (assuming for present purposes 
that Sw = Sz, i.e., U = 0). 

Other measured Z parameters J7| include the total width Y z = 2.4946±0.0027 GeV, 
the hadron production cross section cx° = 41.508±0.056 nb, and Rg = Phadrons/Tieptons = 
20.778 ± 0.029, which may be combined to obtain the Z leptonic width Tu(Z) = 
83.91 ±0.11 MeV 

A number of determinations of sin 2 9 are obtained from asymmetries measured at 
LEP. These are summarized in Table 5. 

The LEP average, sin 2 9^$ p = 0.23200 ± 0.00027, is to be compared with that 
based on the left-right asymmetry parameter A^r measured with polarized electrons 
at SLC p2| : sin 2 0f£ c = 0.23061 ± 0.00047. The \ 2 for the average in Table 5 is 6.3 



for 5 degrees of freedom, while it rises to 12.8 for 6 degrees of freedom when the SLC 
value is added. 

Parity violation in atoms, stemming from the interference of Z and photon ex- 
changes between the electrons and the nucleus, provides further information on elec- 
troweak couplings. The most precise constraint at present arises from the measure- 
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Table 6: Electroweak observables described in fit. 



Quantity 



Experimental 
value 



Theoretical 
value 



Qw (Cs) 
Qw (Tl) 
M w (GeV) 
V U {Z) (MeV) 
sin 2 9 eS 
sin 2 9 cS 



-71.0 ± 1.8 a) 
-115.0 ±4.5 c ) 
80.341 ±0.104 e ) 
83.91 ±0.11 9 ) 
0.23200 ± 0.00027 ^ 
0.23061 ± 0.00047 ^ 



-73.2 V - 0.805 - 0.005T 
-116.8 d ) - 1.175 -0.06T 
80.35 ft - 0.295 + 0.45T 
83.90 - 0.185 ±0.78T 
0.2315 *) + 0.00365 - 0.0026T 
0.2315 *) + 0.00365 - 0.0026T 



°^ Weak charge in cesium [ 133 ] 

b ' Calculation |135| ] incorporating atomic physics corrections [ 134 1 
c) Weak charge in thallium f38], |3§ (see text) 
d ' Calculation [140] incorporating atomic physics corrections [141] 
e ) Average of direct measurements and indirect information 

from neutral/charged current ratio in deep inelastic neutrino scattering [122, 123, 124] 
ft Including perturbative QCD corrections |116|| 
9) LEP average @ 

h ' From leptonic asymmetries at LEP [JtJ 

As calculated [116] with correction for relation between sin 2 6 c g and s 2 [ 117 ] 
" From left-right asymmetry in annihilations at SLC [132] 



ment of the weak charge (the coherent vector coupling of the Z to the nucleus) 
AZ sin 2 1 



|133|| , with the result Qw (Cs) 



Qw — p(Z — N — 4Zsin z #), in atomic cesium 
—71.04 ± 1.58 ± 0.88. The first error is experimental, while the second is theoretical 
134]. The prediction [ 135|] Qvy(Cs) = —73.20 ± 0.13 is insensitive to standard-model 
parameters ||135| , |136j , |137|| once M z is specified; discrepancies are good indications of 
new physics. Recently the weak charge has also been measured in atomic thallium. Av- 
eraging determinations by the Seattle ||138|| and Oxford ||139|| in a manner described in 
more detail in ||107|| , we find Qw(Tl) = —115.0 ±4.5, to be compared with a prediction 
TO pH| , p2| of -116.8. 

We have performed a fit to the electroweak observables listed in Table 6. The 
"nominal" values (including [|116j| sin 2 9 c q = 0.2315) are calculated for m t = 175 GeV 
and M H = 300 GeV. We use T U (Z), even though it is a derived quantity, because it has 
little correlation with other variables in our fit. It is mainly sensitive to the axial-vector 
coupling g e A , while asymmetries are mainly sensitive to g l v . 

In order to focus on electroweak parameters and avoid the use of highly correlated 
measurements, we omit several quantities from the fit which are normally included in 
complete analyses. (1) The total width T tot (Z) is omitted since it is highly correlated 
with r^(Z) and mainly provides information on the value of the strong fine-structure 
constant a s . With a s = 0.12 ± 0.01, the observed total Z width is consistent with 
predictions. For the same reason, we omit the quantity R^. (2) The invisible width of 
the Z is compatible with three species of neutrinos. It would provide information on 
p/p nominal = 1 + olT but is less useful as a source of that information than the leptonic 
width, and is highly correlated with it. (3) The experimental situation regarding the 
partial width YiZ — > bb) has changed recently |143|| . We omit it from the fit while 
discussing it separately below. 

Each observable in Table 6 specifies a band in the 5 — T plane with different 
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Figure 15: Allowed ranges of S and T at 68% (inner ellipses) and 90% (outer ellipses) 
confidence levels, corresponding to \ 2 = 2.3 and 4.6 above the minimum (crosses at 
center of ellipses). Dotted, dashed, and solid lines correspond to standard model predic- 
tions for M H = 100, 300, 1000 GeV. Symbols x , from bottom to top, denote predictions 
for m t = 100, 140, 180, 220, and 260 GeV. (a) Fit including APV experiments with 
present errors; (b) errors on APV experiments reduced by a factor of 4, with present 
central values of Qw retained. 



slope, as seen from the ratios of coefficients of 5* and T. Parity violation in atomic 
cesium and thallium is sensitive almost entirely to S | |135| , |137| | . The impact of sin 2 9 c r 
determinations on S is considerable. The leptonic width of the Z is sensitive primarily 
to T. The W mass specifies a band of intermediate slope in the S — T plane; here we 
assume Sw = Sz- Strictly speaking, the ratio R v specifies a band with slightly more T 
and less S dependence than Mw [ 115 , 135 1; we have ignored this difference here. 

The resulting constraints on S and T are shown in Fig. 15(a). A top quark mass 
of 175 ± 6 GeV/c 2 (the CDF and DO average), corresponding as we noted in Sec. 2 to 
m t (M\y) = 165±6 GeV/c 2 , is compatible with all Higgs boson masses between 100 and 
1000 GeV/c 2 , as seen by the curved lines intersecting the error ellipses. The centers of 
the ellipses lie at S = 0.05, T = 0.01, indicating that the fit is very comfortable with 
the nominal values chosen for m t and M#. 

Independently of the standard model predictions, values of S between —0.3 and 
0.3 are permitted at the 90% confidence level. The values from atomic parity violation, 
S = —2.7 ± 2.3 [|133|| based on cesium and 5" = —1.5 ± 3.8 based on thallium ||138| , |139 



have an average S = — 2.4±2.0. The value of S is now known much more precisely than 
specified by these experiments. On the other hand, since the weak charge Qw provides 
unique information on S, its determination with a factor of four better accuracy than 
present levels could have a noticeable effect on global fits, as shown in Fig. 15(b). 

In contrast to many fits in the literature (see, e.g., ||144j , |145| , |146|| ), ours does not 



exhibit a preference for any particular Higgs boson mass in the absence of separate 
information about m t . We show curves of \ 2 as a function of m t for several values of 
M H in Fig. 16. 

The minima of the x 2 curves are nearly identical (slightly above 8 for the six data 
points in Table 6, i.e., for 5 degrees of freedom) for all three choices of Mh- When the 
value m t (M w ) = 165 ± 6 GeV/c 2 (delimited by the horizontal band) is selected, some 
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Figure 16: Values of x 2 f° r fits to the data in Table 6, as function of mt for several 
values of Mh- Dot-dashed, dashed, and solid curves correspond to Mh = 100, 300, 
and 1000 GeV/c 2 , respectively. Horizontal bands denote the la limits for m t (M w ) = 
165 ± 6 GeV/c 2 . 



preference arises for a Higgs boson mass in the range between 300 and 1000 GeV/c 2 . 
To see this more clearly, we include m t in the fit in Fig. 17. 

The favored value of Mh in the fit based on the data in Table 6 and the top 
quark mass mentioned above is Mh = (560 x 1.5 ) GeV/c 2 . (See Fig. 17(a).) This 
is considerably higher than most other determinations (see, e.g., |p.44j , |145| , |146|| ). The 
experimental average of the two last rows in Table 6, sin 2 ^ e fj = 0.23165 ± 0.00024 is 
slightly above our "nominal" value of sin 2 ^ c fj = 0.2315; a discrepancy in this direction 
tends to push the Higgs boson mass up from its nominal value of 300 GeV/c 2 . To 
accentuate this effect we explore the effect of omitting the SLC data on A LR (the last 
row in Table 6). The small upward change in sin 2 ^ e ff, by +0.00035, leads the favored 
M H to increase by a factor of 1.5, to (820 x 1.7 ±1 ) GeV/c 2 . (See Fig. 17(b).) The x 2 , 
incidentally, drops by more than 6. 

An effect which leads us to obtain a larger Mh than some other fits is that our 
"nominal" sin 2 # e ff = 0.2315 is slightly below theirs. For example 0, the fitted value 
sin 2 9 cfi = 0.2318 ± 0.0002 is quoted for m t = 177 ± 7 GeV/c 2 when M H = 300 GeV/c 2 . 

A further possible reason for the discrepancy between our fits and others is that 
the others incorporate Rt = T(Z — > hadrons)/T(Z — > £ + £~), whose experimental value 
of 20.778 ± 0.029 is somewhat above the nominal value (20.757 in Ref. |7j]). We have 
chosen to omit this quantity since it depends on a s . Experimental determinations of 
a s (Mz) may be converging rapidly enough that one can trust them; the value [|147|| 
a s (M z ) = 0.118 ±0.003 was quoted recently. The quantity p cancels in R e . Aside from 
its dependence on a s (we find dRi/da s = 6.7), Ri provides a measure of x = sin 2 9; we 
find dR/dx = —17.5. Thus a high Rn implies a low sin 2 9. Low experimental values of 
sin 2 9 push Mh down. 
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Figure 17: Values of x 2 f° r fits to the data in Table 6 and the value m t {M\y) = 
165 ± 6 GeV/c 2 , as function of Mh- (a) SLC data (last row of Table 6) included (6 
d.o.f.); (b) SLC data omitted (5 d.o.f.). 



Another possibility is that some fits allow a separate parameter to describe A FB . 
This quantity, as shown by the last row of Table 5, has a small quoted error. If it is 
omitted, the LEP average becomes sin 2 8 e g = 0.23163 ± 0.00037 with x 2 — 4.0 for 4 
d.o.f., while if the SLC result is added to this sample, one finds sin 2 # e ff = 0.23124 ± 
0.00029 with x 2 — 6.9 for 5 d.o.f. This low value again favors low Mh- 

In any event the difference between Figs. 17(a) and (b) shows the pitfalls of drawing 
a conclusion about Mh when its value is so sensitive to a single datum. One is really only 
determining \ogM H , whose value is affected by less than la by including or dropping 
the SLC data. 



D. The decay Z 



bb 



We now return to the question of the Z — > bb branching ratio, which has engaged 



considerable theoretical attention in the past couple of years ||148|| . We first discuss the 
calculation of T(Z — > ff) for any fermion /. 

The interaction Lagrangian for a Z and a fermion described by the Dirac field ip 

is 

Ant = - vV + g' 2 ^Z^I 3L V L - Q sin 2 0)ip , (64) 

where Vt = (1 — 7s)/2- As an example, for a b quark with I 3L = —(1/2), the axial 
and vector coupling constants (in a convenient normalization) are g& = 1/4, gy = 
-(1/4) + (1/3) sin 2 6>. The Z partial width is then 
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Figure 18: Examples of graphs contributing to T(Z — > bb). 



As mentioned, the fact that the invisible width of the Z is about 1/2 GeV leads one to 
conclude that there are three species of light neutrinos. 

A calculation of T(Z -> dd) = T d , for which g\ = 1/16 = 0.0625 and g v = 0.0299, 
gives (368 MeV)(p)(l + [a s /n]), or, with p ~ 1.01 and 1 + (a s /n) = 1.04, about 387 
MeV. When compared with | T/,e T(Z — > hadrons) = 1743.6 ± 2.5 MeV, this gives 
= T(Z — > dd)/T(Z — > hadrons ~ 0.222. More precise calculations (see, e.g., ||148|| ) 



give R d ~ 0.221. We distinguish between R° q = T(Z — ► gg)/r(Z — > hadrons) and what 
is actually measured at the Z peak, R q = a(e + e~ — > qq)/a(e + e~ — > hadrons). As a 
result of a small photon contribution, R® = Rb + 0.0003 ||149|| . 

The non-zero b mass must be taken into account in Z — > bb. The predominance of 
g\ over g v for the Zbb coupling (in a ratio of about 2 to 1) means that the kinematic 
factor f3 3 ~ 0.980 for axial couplings, where (5 — [1 — (4m^/M|)] 1 / 2 , has an appreciable 
effect. The corresponding kinematic factor for vector couplings, (3(3 — /3 2 )/2, is nearly 
1. Thus there is an overall reduction in Rb/Rd by about 1.3% just due to mj, leading 
to the kinematically corrected prediction ||150| | kin = 0.2183 ± 0.0001. 

The top quark affects T(Z — > bb) through graphs like those shown in Fig. 18. (In 
't Hooft - Feynman gauge one must also include contributions of charged Higgs bosons, 
replacing W in all possible ways.) Contributions quadratic in m t appear ||151|| , as in 
the p parameter, so that R^fR® kin = 1 ~ aGpm 2 , where a is a dimensionless constant. 
For the observed value of the top quark mass the vertex-corrected standard-model 
prediction is = 0.2158 0, amounting to an additional correction of —1.2%. 

Until this past summer, results from the LEP and SLD groups seemed to indicate 
a value of Rb noticeably above the standard-model prediction. More recently [|143|| , the 
ALEPH Collaboration has analyzed the full LEP I data set using two different methods. 
Using a lifetime tag, they find Rb = 0.2169 ± 0.0011 ± 0.0017, while using five mutually 
exclusive hemisphere tags they find Rb = 0.2158 ± 0.0009 ± 0.0011. The current LEP 
average J7|, incorporating some new results from other LEP groups and from SLD ||152|| , 
is Rb = 0.2178 ± 0.0011. These results are in accord with standard model predictions. 
They do not yet conclusively confirm the —1.2% effect due to top-quark graphs like 
those in Fig. 18, but at least indicate that Rb < Rd- 
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Table 7: Final states of a tt pair as function of decays of the W bosons in t — > W + b. 
Here i^y stands for "missing transverse energy," while j stands for "jet" . 
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4. TOP QUARK OBSERVATION AT THE TEVATRON 
A. Production and decay 

Quite some time ago ||153|, |154| it was realized that the Fermilab Tevatron would be 



able to produce top quarks heavy enough to decay to W + 6. An estimate ||154|| in 1984 
predicted cx(pp — > tt + . . .) ~ 10 pb(mi/150 GeV/c 2 ) -5 at cm. energy y^i = 2 TeV. The 
major subprocesses contributing to tt production (q and g stand for quark and gluon) 
are qq — > g* — > tt and — > tt (via t exchange or a gluon in the direct channel). The qq 
subprocess is dominant for the actual situation, so one has to know the distribution of 
quarks and antiquarks inside the nucleon. This information is provided, for example, 



by deep inelastic scattering ||155||. We shall quote more precise predictions presently. 



The decay of the top quark for m t > Mw + rrib is essentially 100% to W + b unless 
other channels (like H + + b, where H + is a charged Higgs boson) exist. We have already 
mentioned that this expectation is confirmed |J, though not yet with overwhelming 
accuracy. Assuming that only the W + b channel is significant, the decays of a tt pair 
then may be decomposed according to Table 7. We have used the shorthand d! and s' 
for the linear combinations (§) and (|j) of d and s which couple to u and c via W . 

Energy balance in Tevatron collisions can only be checked in the transverse direc- 
tion since particles can escape undetected at small angles relative to the beam. Large 
missing transverse energy serves as a signature of neutrino production in W leptonic 
decay. One always expects at least two jets of hadrons associated with the two b quarks 
in tt decays. If one or two W's decays hadronically a total of 4 or 6 jets should then 
be produced. 

All the channels in Table 7 except for those with one or two r leptons have now 
been studied. These include dileptons (about 5%), leptons + jets (about 30%), and 
jets (about 45%). A start is even being made on channels with one r and one e or fi. 
Thus a large fraction of the tt channels are seen. 

B. Recent CDF and DO analyses 

We summarize in this subsection some results which were presented at the 1996 
Warsaw Conference by the CDF and DO Collaborations PBJ. For CDF results, in 
addition to those presented at Warsaw, one may consult Refs. ||156|| for details. As an 
example of how one exploits the possibilities of Table 7, we now give some details of 
the CDF analyses. 
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Table 8: CDF top quark events in different channels based on an integrated luminosity 
of 110 pb -1 . Only the statistical error is shown for the channels with r. Acceptances 
were calculated for m t = 175 GeV/c 2 . 



Channel 


Ndata, 


-^background 


o(tt) (pb) 


Dilepton 


10 


2.1 ±0.4 


9.3^- 


e+j (svx) 


34 


7.96 ± 1.37 


6.8i?;| 


£ + j (SLT) 


40 


24.3 ±3.5 


8-OltS 


Hadronic 


192 


137 ±11 


10.7113 


r + (e,n) 


4 


2.0 ±0.35 


15.6±H;I 


Total 






7-51^ 



1. In the dilepton sample, where i = e or /i, one asks that the leptons have 
opposite charges, demands missing transverse energy (I$t) 

cLS cL SI mature of one or 

more neutrinos, and requires two jets (signatures of the two b quarks). As a result, 7 
events with e/i, two with /z/i, and one with ee were found. Six "tagged" jets in a total 
of 4 events were identified as 6's after the fact, but b identification was not required a 
priori. 

2. In the lepton + jets sample, with £ = e or /i, one again asks for I$t, at least 
three observed jets, and at least one identified b quark. The b quark can be identified 
by its displaced vertex, since the average b lifetime is 1.5 to 1.6 ps, using the silicon 
vertex detector ("SVX"). Alternatively, its semileptonic decay, with a branching ratio 
of about 10.5% to each of e + . . . and /i + . . ., gives rise to a soft lepton tag ("SLT"). 
One sees 34 SVX events and 40 SLT events. 

3. In the 6 jets sample, one asks to see at least 5 of them, requiring a b to be 
tagged via the SVX. Here 192 events are seen. 

In Table 8 we summarize the CDF measurements in different channels. The CDF 
cross sections in various channels average to a value cxcdf s^XpP —►# + •••) = 7.5^{;g 
pb at v/i = 1.8 TeV 

The corresponding DO results make use of dilepton events, lepton ± jets events with 
kinematic discrimination, and lepton + jets events with a soft muon "tag" associated 
with the semileptonic decay b — > cn~u^. The results, based on the full 1992-5 sample 
with 100 pb -1 of integrated luminosity, are shown in Table 9. The column labeled 
"expected" refers to the number of events anticipated for a top quark with mass m t = 
180 GeV/c 2 based on cross sections of Ref. |157|| . The DO top quark cross sections are 



4.7 ± 3.2 pb in the dilepton channel, 4.6 ± 5.1 pb in the hadron channel, 4.2 ± 2.0 pb in 
the lepton + jets channel with kinematic discrimination, and 7.0 ±3.3 pb in the lepton 
± jets/tag channel. 

Combining all CDF and DO cross section determinations, one finds 

cr{pp -»■ it + . . .) = QAtli P b (V« =1.8 TeV) . (67) 
This is to be compared with theoretical estimates such as 

t - + + , ^ / 4 - 84 -o 69 Pb [158] 1 

^ 4.75iii pb y I ■ (68) 



Table 9: DO top quark events in different channels based on an integrated luminosity 
of 100 pb- 1 . 



Channel 


-^expected 


-^background 


A^data 


e/i 


1.7 ± 0.3 


0.4 ± 0.1 


3 


ee 


0.9 ± 0.1 


0.7 ± 0.2 


1 


fi/j, 


0.5 ±0.1 


0.5 ±0.3 


1 


e + jets 


6.5 ± 1.4 


3.8 ± 1.4 


10 


H + jets 


6.4 ± 1.5 


5.4 ±2.0 


11 


e + jets/tag 


2.4 ±0.4 


1.4 ±0.4 


5 


fi + jets/tag 


2.8 ±0.9 


1.1 ±0.2 


6 


Total 


21.2 ±3.8 


13.4 ±3.0 
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C. Mass 



The most precise CDF value of the top quark mass [2B| comes from a combined 
analysis including (a) 34 events with a lepton, jets, and at least one SVX tag (leading to 
m t = 177 ±7 GeV/c 2 ), (b) a more refined analysis of the same sample, weighting events 
in terms of the quality of information they provide, leading to the value 174±8 GeV/c 2 , 
(c) the dilepton sample, leading to 160±28 GeV/c 2 and 162±22 GeV/c 2 in two different 
analyses (the second using the average Mf b of the lepton and b), and (d) the multijet 
sample, leading to 187 ± 15 GeV/c 2 . The resulting mass plot is shown in Fig. 19. 

The CDF Collaboration has also presented distributions in top quark transverse 



momentum and in m t j, the effective mass of the tt system ||156|| . These data are in 
accord with standard model expectations. 

The DO top quark mass obtained from the lepton ± jets sample is 169 ±11 GeV/c 2 , 
while 158±26 GeV/ c 2 is obtained from the dilepton sample. The mass distribution from 
the lepton + jets sample (before a 1 GeV/c 2 jet energy correction has been applied) is 
shown in Fig. 20. The world average of 175 ± 6 GeV/c 2 is based on all the CDF and 
DO determinations. 



In Fig. 21 we plot the expected top quark cross section ||158|| as a function of mt 
at the cm. energies yfs = 1.8 and 2 TeV. Also shown are the individual CDF and 
DO mass and cross section points. It is clear there is satisfactory agreement with the 
standard model, though there would be room, if one so chose, for an additional 50% 
extra contribution to the cross section from some non-standard process. 

D. Decays 

The branching ratio of the top quark to W + b can be measured relative to all 
W + q decays by comparing double b tags with single b tags 0. The result is 

^^±4 = 0.94 ±0.27 ±0.13 , (69) 

implying Vtb = 0.97 ± 0.15 ± 0.07 in accord with standard-model expectations. 
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Figure 19: CDF top quark mass distributions as of July 1996. 
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Figure 20: DO top quark mass distribution from lepton + jets sample as of July 1996. 
A correction of +1 GeV/c 2 must be applied for the energy scale. 
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Figure 21: Top quark cross section prediction as a function of m t . 



5. TOP QUARK PRODUCTION IN ELECTRON-POSITRON COLLISIONS 
A. Excitation curve 

Eventually it will become possible to produce top quarks in pairs in high-energy 
electron-positron annihilations. Accordingly, we discuss the production of pairs of 
arbitrary fermions / via virtual photons (7*) and Z's (Z*) in the direct channel. These 
results will be of use in Sec. 6 when we discuss exotic quarks and leptons. 

Define x = sin 2 #, s = E^ m , and r = [s/(s — m 2 z )x(l — x)\. Then far from the 
Z pole, where the Z width can be neglected, the contribution of a virtual photon and 
Z in the direct channel to the cross section for production of a fermion with electric 
charge Qf and axial and vector Z couplings qa = — (V^KIl an d 9v = (V^K/l — Qf x 
is 

*(e + e- - //) = a 7 |q} - 2rQ f g^ v + r 2 [(^) 2 + (^) 2 ][(^) 2 + |^) 2 ]} , (70) 
where 




W Ar ^ r ^ _ ^ 4m 2 \ 1/z r ^ _ 3 - /3 2 
3s 



a 7 = —N C (3K V , /3 = ( 1 - — L ) , K v = , (71) 



and N c is the number of colors of fermions. For quarks (iV c = 3) the cross section should 
be multiplied by an additional correction factor of 1 + (a s /ir) ~ 1.04. The values of 
cr/(To far above pair production threshold, where o"o = a(e + e~ — > 7* — > fi + fi~), are 
compared in Table 10 for various fermion species / when the energy is far below the Z 
pole (where only the virtual photon dominates) and when it is far above the Z (where 
the interference in vector contributions of the photon and Z is possible) . All the cross 
sections far above the Z are enhanced relative to the values they would have due to 
the virtual photon alone. 



37 



Table 10: Cross sections a [in units of o"o = cr(e + e~ — * 7* — > n + for e + e~ production 
of pairs of fermions // via virtual photons and Z's in the direct channel. Here t-channel 
exchanges are neglected for e and v e . Values of g{? are quoted for x = 0.2315. QCD 
corrections to quark production have been neglected. 



Fermion 
/ 


Qf 


9>v 


A 


a /cr far 
below Z 


a /(To f ar 
above Z 


u 


2/3 


0.0957 


-1/4 


4/3 


1.80 


d 


-1/3 


-0.1728 


1/4 


1/3 


0.92 


e~ 


-1 


-0.0185 


1/4 


1 


1.13 







1/4 


-1/4 





0.25 



The predicted top quark cross section, shown in Fig. 22, is composed of incoher- 
ent contributions corresponding to vector and axial-vector couplings to the top. The 
vector part involves 7* — Z* interference. These contributions have rather different 
energy dependence as a result of different kinematic factors. The vector contribution 
peaks around E c . m . = 410 GeV, while the axial vector contribution peaks around 550 
GeV. At 410 GeV, the axial contribution is only 5% of the total, rising to about 25% 
asymptotically. The sum of the two contributions peaks around 420 GeV at a value of 
about 0.7 pb. 

B. Sensitivity to interactions 

The top quark mass is too large to permit the formation of ti bound states or top 
mesons (t quarks bound to light antiquarks). The top quark decays to W + b with 
a partial width of about 1.4 GeV, as noted in the Introduction. This is considerably 
larger than the spacings between quarkonium levels shown in Figs. 3 and 4. Nonetheless 
one can learn some things about the top-antitop interaction by studying the shape of 
the threshold function and how it is distorted in comparison with the lowest-order 
prediction in Fig. 22 ||160| , |161|| . One probably sees a vestige of the IS level as a slight 



threshold enhancement with respect to the free-quark behavior, while Higgs interactions 



||161|| can alter the threshold shape considerably. 

6. SPECULATIONS ON SOURCE OF TOP QUARK MASS 

A. Mass matrix lore 

In Sec. 2 A we saw that the 3x3 quark mass matrices Aiu.D were diagonalized by 
separate unitary transformations and Ru.d on left- and right-handed quarks. The 
CKM matrix V = L\jL£, carries no information about the transformations Ru,d- As 
a result, separate unitary transformations can be performed on right-handed U and D 
quarks, as long as corresponding redefinitions of the mass matrix are made. Moreover, 
the simultaneous transformations L,\j — > L,\jA and Lp — > A^Lp, with AA^ = 1, also 
leave V unchanged. Thus there is considerable freedom in the choice of basis for mass 
matrices, which has led to a large folklore. We shall barely scratch the surface. 

An early observation ||162j , |163|| was the relation between the Cabibbo angle and 



the ratio of d and s masses: sin^c ~ (md/m s ) l l 2 . This result can be obtained with a 
correction term — (m M /m c ) 1//2 if one postulates a zero in the upper-left corner of the 
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Figure 22: Cross section prediction for e + e _ — > (7*, Z*) —> tt as a function of i? c . m .. 
Solid line: full cross section; dashed line: contribution of vector couplings of t; dot- 
dashed line: contribution of axial coupling of t.) 



mass matrices for two families of quarks: 





a 



a 
b 



(72) 



where a <^ b. Since the determinant of this matrix is —a 2 while its trace is b, its 
eigenvalues are approximately —a 2 /b and b, corresponding to the eigenvectors [1, —a/b] 
and [a/6,1], respectively. We then identify 



au 



a D 



^/-m u m c 
y/-m d m s 
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(73) 



The CKM matrix may be computed from the scalar product of the appropriate eigen- 



vectors Ui and Dj via 



V,, 



6| Vij = Uj ■ Dj. For example, 



-m,. 



-m d /m s 
1 



-m d 



m. 



-m,. 



(74) 



The negative sign of a quark mass is no cause for concern; it can always be changed 
by redefining q —>■ 75a. The relative phases of the two terms on the right-hand side of 
( |74|) can be adjusted by an ansatz regarding the phases of terms in the mass matrices. 
For m s jm d ~ 20 ||165|| , the observed value V us ~ 0.22 is obtained for a relative phase 
of the two terms close to 90°. 

The crucial role of zeroes in mass matrices for three-family models was first ex- 
ploited by Fritzsch | 166 |, explored in some detail by Ramond and his group [IB7], and 
has been reviewed recently by Branco et al. | 168|| . These zeroes go under the rubric of 



Table 11: Quark mass ratios contributing to CKM matrix elements in one basis for 
quark mass matrices. Here the symbol q stands for m q . 



CKM element 




Quark mass ratios 


Magnitudes of ratios 


V us , V c d 




(d/s) 1 / 2 , {u/cf/ 2 


0.22, 0.06 


v cb , v ts 




s/b, c/t 


0.03, 0.007 


v ub 


{ds) 


W/b, (s/tyiu/c) 1 / 2 , (uc) l l 2 /t 


0.007, 0.002, 0.0004 


v td 


(ds 


) l ' 2 /b, {c/t){d/s) l l 2 ,{uc) l l 2 /t 


0.007, 0.002, 0.0004 



"texture zeroes." A "democratic" basis has also been proposed | 169 | , which explains 
the hierarchies m u ,m c <C m t and m^,m s <C m;, by perturbing around matrices of the 
form 

"111" 

1 1 1 (75) 
1 1 1 



M 



with eigenvectors 
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7! 



(76) 



corresponding to eigenvalues 0, 0, 1. By means of a unitary transformation one can 
end up with a matrix M. consisting of all zeroes except for a 1 in the lower right-hand 
corner. 

A curious basis choice seems to be encountered in several quite different approaches 
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M 



ap a 

ap (3 j3q 
a j3q 7 



(77) 



where p and q are numbers of order 1. For a <C (3 <C 7 the eigenvectors and eigenvalues 
of this matrix are easy to compute. The CKM elements and the quark mass ratios which 
contribute to them (with phases which must be adjusted by hand) are summarized in 
Table 11. The magnitudes of the mass ratios appear to be appropriate for the sizes of 
the CKM elements. No insight is present in these models (nor in most others) regarding 
the choice of relative phases, however. 

B. A two-family fable 

Perhaps one of the least popular ideas these days is the notion that quarks are 
somehow composite objects. Nonetheless, an exercise (perhaps no more than a fable, 
as applied to quarks) shows the potential insight a composite model can provide into 
the interplay between masses and mixing ||164| , |171 . 



The exercise is based on states for which there are experimental candidates: the 
charmed-strange baryons known as H c illustrated in Fig. 5. These are interesting be- 
cause no two quarks in them have the same mass. They consist of esq, where q = u or 
d. 

The lowest charmed-strange baryon, now called S c [[l^J and denoted in Fig. 5 by 
(originally A in Ref. [ 172j| ), has its light quarks s and q in a state primarily of zero 
spin and flavor SU(3) antisymmetry. The total spin of the S° is 1/2. 
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A candidate for an excited version of the H c , which we label as in Fig. 5 
(originally S in Ref. ||172|| ), has been claimed by the WA89 Collaboration at CERN 
||173j| . It lies 95 MeV/c 2 above the H" and decays to it by photon emission. It, too, 
has total spin equal to 1/2, but its light quarks are coupled up primarily to a state of 
spin 1 and flavor SU(3) symmetry. This state is on shaky ground as it has only been 
reported in conference proceedings and is not confirmed by experiments at the CLEO 
detector at Cornell. 

Finally, the Cornell experiments just mentioned do see a candidate for a H* state 
at higher mass [32|, which fits well with the assignment of a state of total spin 3/2 



(originally S* in Ref. ||172|| ). This state decays to + 7r. The light quarks, of course, 
have to be in a pure spin-1 state here. 

The masses of many hadrons can be described in terms of sums of constituent- 
quark masses and hyperfine-interaction terms inversely proportional to quark masses 
||174|| . Thus, for example, for a 5 C , one will have 



M ~ m c + m s + m„ + a 



0~ q ■ 0- s 



+ — — - + 



(To • a r 



m„m s m q m c 



m s m c 



(7E 



We note that m q < m s <C m c . Now, when m c — > oo, this mass operator is diagonal in 
the basis labeled by S sq : 



Ssq — 




<— > 


"1 

' — c 


Ssq 


1 




' — c 



for J = 1/2 states 



(79) 



When m c ^ oo, however, this is only an approximate basis: The mass eigenstates 
are mixed. Moreover, changing m q changes the mixing angle. We suggest this as a 
paradigm for the CKM rotation. In an attempt to construct a realistic two-family 
model ||164| , |171|| , specific relations among parameters are necessary in order to ensure 
that the J = 3/2 state lies much higher in mass than the J = 1/2 ones, and in order to 
obtain the appropriate "texture" zero in the upper left-hand corner of the 2x2 mass 
matrix for the J = 1/2 states. The three- family model constructed in Ref. [164] from 
similar arguments leads to the mass matrix fl7T| ) with p = q = y/2. 

C. Is the top quark special? 

The top quark is heavier, so far, than any other known fermion. We do not know 
if this is merely because it is near the limit of what one can produce via the strong 
interactions at present energies (this is certainly true), or something more fundamental. 
Many suggestions have been made about the crucial role played by its large mass. We 
have mentioned already the contribution of m t to loop diagrams in particle-antiparticle 
mixing (Sec. 2) and in precise electroweak physics (Sec. 3). Here we mention some roles 
of a more fundamental nature which a heavy top might play. 

Veltman [ |175|| proposed that the top quark plays a crucial role in the cancellation 
of quadratic divergences in the effective Higgs potential, leading to the mass relation 
12mf = 3Mjj + 3m| + 6M^ in the limit that other quark masses are neglected. This 
implies that the Higgs boson lies slightly below 2mt in mass, as if it were a tt bound 
state. In the limit in which the electroweak couplings g and g' vanish, M# — * 2m t and 
the binding energy vanishes. 

Nambu [ 176fl , drawing in part on his pioneering work with Jona-Lasinio |177 



notes that in many dynamical symmetry breaking schemes, in which a condensate of 
fermion pairs (//) 7^ leads to chiral symmetry breaking, there exist in the spectrum 
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Table 12: Analogy between states in Nambu-Jona-Lasinio (NJL) model and dynamic 
symmetry breaking (DSB) in electroweak interactions 



State in 


Role 


State in 


Role 


NJL model 




DSB scheme 




Pions 


Nambu-Goldstone 


Higgs bosons ^ 


Provide longitudinal 




bosons of spont. 


and (0° - <f)°)/V2 


components of 




broken chiral symm. 




W and Z bosons 


Nucleon 


Constituent of pion 


Top quark 


Constituent of 
Higgs boson? 


a 


Weakly bound 


Higgs boson 


Preserves unitarity 




nucleon-antinucleon 


(0° + 0°)/v / 2 


in scatt. of longit. 




state 




W's and Z's 



not only a zero-mass pseudoscalar boson, but the fermion / and a scalar excitation "a" 
at m a = 2m f. The analogies suggested by this observation are shown in Table 12. 



Bardeen, Hill, and Lindner ||178|| emulate the Nambu-Jona-Lasinio model with a 
new interaction to generate the Higgs boson out of tt. A nonzero condensate (tt) ^ 
develops, leading to electroweak symmetry breaking. The new interactions are needed 
both to bind tt and to communicate the effects of the nonzero condensate to the other 
fermions. 

In contrast to the above approach, Gerard and Weyers ||179|| introduce no new 
interaction. The Higgs field initially has m| > 0; its coupling to tt turns an effective 
Higgs potential with upward curvature at = into one with negative curvature, 
so that a non-zero value of ((f)) develops, triggering electroweak symmetry breaking. 
This scheme only is self-consistent for a narrow range of Higgs boson masses around 
85 GeV/c 2 , and thus makes a very specific prediction. 



Some versions of supersymmetry, described in more detail in Ref. ||180|| and by 
Graham Ross at this Institute 0, have two Higgs doublets with m 2 values which are 
the same at some very large (unification) mass scale \i. One doublet (0i) interacts 
with down-type quarks and charged leptons, while the other (0 2 ) interacts with up- 
type quarks (including the top quark) and perhaps neutrinos. As a result of the strong 
coupling of 02 with the top quark, m 2 (i/ 2 ) (where H 2 is the neutral scalar object in 
the complex doublet 02 ) evolves toward a negative value as /i is lowered, triggering 
electroweak symmetry breaking. 



A scheme known as "reduction of coupling constants" [|181|1 (see also ||182 



or 



"gauge - Yukawa unification" ||183|| notes the presence of special relations for the 



renormalizat ion-group behavior of coupling constants when gauge couplings g and 
Yukawa couplings gy are related. In contrast to supersymmetry, these schemes do 
not necessarily entail any extended symmetries. They posit a special role for finiteness 
in perturbation theory to each order. 

D. Technicolor 

The electroweak dynamical symmetry breaking scheme described in Table 12 
makes use of the top quark to form a fermion condensate which breaks the symme- 
try. One can also postulate some new fermion which binds with its antiparticle under 
some new superstrong force to form the pseudo-Nambu-Goldstone bosons which are 
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needed to make the W and Z massive. This is the essence of the scheme ||184| , |185 
which has come to be known as "technicolor." 

Suppose the u and d quark were massless. The pion would be a massless quark- 
antiquark bound state in QCD. Its coupling to the W via the divergence of the axial 
current would give the W a mass M w = ~ 30 MeV/c 2 , where we use the 

normalization F n = 93 MeV here. In order to generate a W with mass Mw = gv/2 = 
80.34 GeV/c 2 , noting that g 2 j^R ~ 1/30, we need instead some fermion-antifermion 
pair with a decay constant v = 246 GeV. Thus, one needs an interaction which becomes 
strong at a mass scale roughly 246/0.093 = 2650 times as high as the QCD scale. This 
is the postulated technicolor interaction. The fermions responding to this interaction 
are known as technifermions. 

The Z — 7 — 7 vertex described by a triangle diagram like that in Fig. 2 will be 
anomaly-free if the sum over technifermions F of Q 2 F I^ L vanishes. The simplest way in 
which this can be realized is with a single doublet with Qp = ±1/2. The doublet may 
come in different "technicolors." This is "minimal technicolor." It works fine for 
the masses of the W and Z. 

An extension of technicolor to the description of quark and lepton masses imme- 
diately runs into difficulty A new interaction ("extended technicolor" |186|| ) is needed 



to communicate the effects of (FF) ^ to the ordinary quarks and leptons. This 
interaction has the potential for introducing flavor-changing neutral currents and steps 
must be taken to prevent them. The biggest mass (top) naturally poses the biggest 
problem for this theory. 

E. Quark-lepton pattern and new physics 

Returning again to Fig. 1, we see that the up- type quarks are less "dense" than 
the down-type quarks or charged leptons on a logarithmic plot. Moreover, their center 
of gravity is higher. This suggests that the down-type quarks and charged leptons are 
being pushed down in mass by mixing with heavier extra levels with Q = ±1/3 and 
Q = ±l. 

The situation with the neutrinos is even more extreme. They appear to be very 
light if not massless. (Oscillation results, which would require non-zero masses, are 
not yet conclusive.) A popular way to understand such light masses is the "seesaw 



J) 



mechanism [ 187 1 involving mixing with other very heavy neutrinos. The neutrino mass 



matrix may be written in terms of left-handed states in a basis (ul, vf) as 



mo 
m D M 



10) 



where mo stands for a Dirac mass, and M is a large Majorana mass. The eigenvalues 
of this matrix are approximately —m 2 D /M and M, corresponding to the eigenvectors 
[l,-m D /M] and [m D /M,l]. 

Thus, the large top quark mass could be telling us that at higher masses one 
expects more matter which is not like the top quark: quarks of charge —1/3 or new 
leptons. What can serve as the source for these new forms of matter? We seek the 
answer in several schemes for quark-lepton unification. 

F. Quark-lepton unity 

The "grand unification" of strong and electroweak interactions in a larger sym- 
metry, and the identification of quarks and leptons as objects related to one another 
under this symmetry, involves such groups as SU(5) ||188|| , SO(10) ||189|| , and E 6 [ p.90|| . 
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Figure 23: Left-handed fermions belonging to the 27-plet of Eg. (a) Quarks [trian- 
gle denotes 3 of SU(3)l]; (b) antiquarks [triangle denotes 3* of SU(3)#]; (c) leptons 
[triangles denote 3*'s of SU(3)l; they are arranged in a 3 of SU(3)#]. 

One forms a 5 x 5 matrix of SU(5) by simply putting the 3x3 matrices of color 
SU(3) in the upper left-hand corner and the 2x2 matrices of SU(2)l in the lower right. 
The miracle of SU(5) is that it also possesses a U(l) ~ diag(2, 2, 2, —3, —3) which is 
just right for weak hypercharge! 

Within SU(5) a specific choice of representations (5* + 10) is required for the left- 
handed fermions in order to accommodate the known states and to eliminate anomalies. 
This choice is automatic if left-handed fermions are assigned to the 16-dimensional 
spinor multiplet of SO(10); the additional state is a right-handed neutrino. Thus, we 
have the decomposition 

[SO(10)] 16 L = 5* L + 10 L + 1 L [SU(5)] . (81) 

The right-handed neutrino can acquire a large Majorana mass without violating the 
SU(3) c x SU(2) i x U(l) symmetry of the standard model. Anomalies are not present 
in SO(10), as long as matter belongs to complete multiplets. 

The group E 6 contains SO(10). Its lowest- dimensional representation (27) contains 
the 16 of SO(10), as well as 10- and 1-dimensional ("exotic") representations of SO(10). 
These, in turn, have the following SU(5) decompositions: 

[SO(10)] 10 L = 5 L + 5* L [SU(5)] ; [SO(10)] 1 L = 1 L [SU(5)] . (82) 

There has been some interest in E 6 as a result of its appearance in certain versions of 



superstring theories ||191| , |192 |. 
G. The E 6 zoo 

One way to illustrate the particle content of the 27-plet of E 6 is via the decompo- 
sition |9| E 6 ^ SU(3) c x SU(3) L x SU(3) fl , whereby 



27 L = (3 c ,3 i ,l fi ) + (3:,l i ,3y + (l c ,3*,3«) . (83) 

The left-handed fermions can then be plotted in a space (Fig. 23) in which the x-axis 
is I 3 l + I 3 r, while the y-axis is Y L + Y R . The electric charge of particles is Q cm = 
I3L + I3R + (Xl + Yji)/2. (I thank Graham Ross for reminding me of the utility of 
this picture.) The new particles [beyond those in the 16 of SO (10)] consist of h (an 
isosinglet Q = —1/3 quark), E ± (a weak isodoublet charged lepton), ue and v c E (a weak 
isodoublet Dirac neutrino, or else two Majorana neutrinos each belonging to a weak 
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Table 13: Cross sections a [in units of o"o = cr(e + e~ — > 7* — > p + p~)} for e + e~ production 
of pairs of exotic fermions // via virtual photons and Z's in the direct channel. The 
ve is assumed to be a Dirac neutrino. Values of g v are quoted for x = 0.2315. QCD 
corrections to h quark production have been neglected. 



Fermion 
/ 


Qf 


9>v 


A 


<t/(Tq far 
below Z 


(J /(To f ar 

above Z 


h 


-1/3 


0.0772 





1/3 


0.35 


E~ 


-1 


-0.2685 





1 


1.20 







1/2 








0.50 



isodoublet), and an "inert" isosinglet Majorana neutrino n e . By "weak isodoublet" or 
"weak isosinglet" we mean behavior under SU(2)x,. 

Another way to visualize the additional states in E 6 is to note that the standard- 
model fermions belonging to (16, 5*) of (SO(10), SU(5)) are a column vector consisting 
of (di, d,2, d 3 , e~, v e ). Then since SU(5) contains all the standard-model generators, 
equal SU(5) representations have equal standard-model transformation properties. (We 
are not considering "flipped" SU(5) models in which the electric charge lies outside 
SU(5) ||194|| .) Thus, in (10,5*) = (hi, J12, hs, E~, i/ E ), one identifies the hi states as 
a color-triplet of isosinglet Q — 1/3 antiquarks, and (E~,Ue) as a weak isodoublet 
of leptons. In the charge-conjugate representation (10,5) = (hi, hi, h%, E + , Ve)-> the 
Q = —1/3 quarks h are then weak isosinglets, while E + , u E ) are a weak isodoublet. Such 
fermions are not encountered in the standard model. Neither is the (1,1) consisting of 
the single state n e , which is a weak isosinglet. 

One can calculate the cross sections for e + e~ — > (j*,Z*) — > ff for the new 
fermions, in the manner leading to Table 10. In computing the values of gy and g& for 
E~ and a Dirac neutrino ve both left-handed and right-handed states have the same 
value of Izl- — 1/2 for E~ and +1/2 for ve- The results are shown in Table 13. 

All of these states are produced exclusively via the vector current, and hence their 
maximum cross section is expected to occur very close to threshold. If one is sufficiently 
far from the Z pole, this maximum occurs at E c m ~ 1.18_E t h- Closer to the Z pole, 
the maximum occurs even lower [195|. 



The new fermions in E 6 are marginally consistent with the constraints on the 
parameters S and T mentioned in Sec. 3. The parameter T describes the effects of mass 
difference between I 3 l = +1/2 and I^l — — 1/2 fermions. Recalling p/p nominal — 1+ccT, 
a more precise expression for Ap than that given in terms of m t is ||196|| 

Ap = [ml + ml ^-A; In — . 84 

8V2V 2 V m\-m\ m 2 J v 1 

The Eg fermions thus make a significant contribution to Ap only when m(E~) 7^ m(^). 
The exotic quarks do not contribute because they are isosinglets. 

The parameter S arises as a result of W°—B mixing [ 115| |. Consequently, it receives 



no contribution in E 6 from the isosinglet h quarks. There are two doublets (E~,h> E ) 
and (E + , u E ) of leptons per family, leading to a contribution AS" = 2(l/67r) ~ 0.1 per 
family. One can just barely tolerate three families. 

H. Extended gauge structure 

At any given mass scale, there is an interplay between the fermion spectrum and 
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the subgroup of any grand unified theory (GUT) which remains unbroken at that mass 
scale. If a fermion is heavy, no GUT subgroup which relies on that fermion for anomaly 
cancellation should be unbroken far below that fermion's mass. Let us recapitulate how 
this works in several of the unified gauge groups we have mentioned. 

1. In SU(5) we need a 5* and a 10 to avoid anomalies in I^lQ 2 - 

2. In SO(10) -> SU(5) x U(l) x (the notation is that of Refs. pH and p7p , the 



U(l) x symmetry is anomalous (the sum of Q x I\l * s non-zero) unless the v c L is light. 

3. In SO(10) -> SO(6) x SO(4) (which is the same as SU(4) x SU(2) L x SU(2) R ), 
the subsequent symmetry breakdowns are SU(4) — > SU(3)cx XJ(1) b-l and SU(2)r — > 
U(1)r. Each of these U(l)'s separately is anomalous unless the v c L is light. However, 
one can write the electric charge as 

Q = hL + hR + = h L + Y -f ( 85 ) 

Since J 3 lK) = -1/2 while (-L/2)(z/£) = +1/2, one has (Y w /2){v c L ) = 0, and the Y w 
anomaly is insensitive to v c L . 

4. In E 6 ^ SO(10) x U(l)^ (see, again, [TO7|]) the cancellation of the U(l)^ 
anomaly requires the entire 27-plet to be light. 

One may conjecture that the converse is also true: If an extended set of fermions 
is found to be light, there may exist an extended gauge structure for which this set of 
fermions provides the required anomaly cancellation. Thus, the search for new fermions 
may have bearing on extended gauge structures. One can also directly search for new 
gauge bosons (see, e.g., Ref. ||198|| ) in lepton pair production, identifying them via 



characteristic forward-backward asymmetries ||199| , |200|| 
I. An unusual event 



The CDF Collaboration ||201|| has reported one event with an electron-positron 
pair, two photons, and missing energy (e + e~ 77 ]$t) , produced in proton-antiproton 
collisions at -Ec. m . = 1.8 TeV. Popular interpretations of this event have appeared within 



the context of supersymmetry ||202|| , involving the production of a pair of selectrons 



(e + e ) or a pair of charginos (x + X ) which then decay to e + e and radiatively-decaying 
neutral superparners. An interpretation has also appeared in one non-supersymmetric 



model Ml - 



The Eg scenario mentioned above can interpret this event in the following way 

pp -»• Zx + . . . -> E + E- + ... (86) 

followed by the chain 

E~ -> e'W^ -> e'N e n e -> e~^n e n e (87) 

and its charge-conjguate for E + decay. The n e state is allowed to be stable as long as 
its mass satisfies cosmological bounds (typically less than a few tens of eV). The Zj 



is a neutral gauge boson with mass greater than present limits [|198|| of a few hundred 
GeV. The Wi belongs to a subgroup SU(2)/ of E 6 along with the Zi ||204|| ; it occurs 
in the decomposition E 6 — > SU(2)/X SU(6), where the SU(6) breaks subsequently to 
the standard SU(5) GUT. The Wi is probably virtual, as indicated by the asterisk in 
parentheses. The neutral nature of all three bosons in SU(2)j is a key feature permitting 
the flavor of E~ to be passed on to the electron. 

How does one tell the difference between these scenarios? Supersymmetry has 
superpartners of the gauge bosons known as "gauginos," and very specific relations be- 
tween couplings involving superpartners and ordinary couplings. E 6 has exotic fermions 



Figure 24: Part of a familiar pattern. 



but they are not superpartners of Higgs bosons [despite a superficial resemblance; both 
belong to 10's of SO(10).] A typical reaction expected in E 6 is e + e~ — > ve^e-, followed 
by ve ~^ v e NiN 2 , with one of the exotic neutrinos Ni decaying radiatively to N 2 + 7. 

A feature common to both scenarios is that in addition to the e + e~77^T event, one 
should also see in pp collisions some diphoton events with missing transverse energy and 
without charged lepton pairs. Searches for such events have been performed in the CDF 
data ||205|| . Of all events with two photons and missing transverse energy, the event 
e + e~77^T has the highest I$t- Thus, there are no indications yet of non-standard 
behavior in the diphoton events with 1$t but without e + e~ . 

There is still a need for extensive discussions of standard-model backgrounds to 
this event, such as multiple interactions, radiative production of W pairs, effects of 
cracks in the detector, and so on. One cannot conclude anything from a single event, 
but it can point the way to searches for related phenomena. 

7. CONCLUSIONS 

We have discussed the top quark mass more from the standpoint of what it does 
than where it comes from. It participates in a crucial way in loop diagrams, leading 
to mixing of neutral kaons and B mesons, thereby accounting for CP violation in the 
kaon system and predicting appreciable CP-ciolating effects for B's. It also affects 
electroweak observables, to the extent that its mass could be anticipated to within a 
few tens of GeV/c 2 before it was discovered. 

The origin of the top quark mass, on the other hand, is related to the origin 
of all the quark masses, which also is linked to the curious pattern of weak charge- 
changing couplings expressed by the Cabibbo-Kobayashi-Maskawa (CKM) matrix. We 
have presented a potpourri of ideas about these questions while not finding any of them 
particularly conclusive. The best we can do is to note some overall patterns suggested 
by the quark and lepton masses in Fig. 1, which may indicate that we are not yet in 
possession of the complete experimental picture. At the very least, this is certainly the 
case for neutrinos, where we don't even know if they have masses. But there could 
be more. I leave you with the following exercise in pattern recognition: What familiar 
pattern do you see in Fig. 24? 

One can re-express the pattern as shown in Fig. 25; perhaps it suggests something 
at this point. 

Finally, when one adds variety to the pattern, it becomes recognizable as the 
periodic table of the elements (Fig. 26). 

The variety of the pattern of the elementary particles laid the foundations of the 
quark model and our understanding of the fundamental strong interactions. Will there 
be a similar advance for quarks and leptons? The pattern of quarks and leptons has 
been quite regular up to now, just as if the periodic table of the elements consisted 
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Figure 25: Part of a familiar pattern, expressed differently. 



Figure 26: A larger part of a familiar pattern. 

only of rows of equal length and were missing hydrogen, helium, the transition metals, 
the lanthanides, and the actinides. Whether one discovers superpartners of the known 
states, or variety such as predicted in extended gauge structures, the new states could 
help us to make sense of the pattern of the masses of the more familiar ones. In this 
sense the top quark mass may not be the end of a story, but just the beginning. 
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